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NOMENCLATURE 
Symbols not included in the list below are only used at a specific place and are 
explained where they occur. 
As Area of cylinder section. 
A. Area of waterplane. 
A., First moment of waterplane area about y-axis. 
Aft Hydrodynamic added mass in the j-th direction due to the k-th mode of 
motion; expressed in the system o-xyz. 
B Width of Towing Tank. 
B, Breadth of a section at the waterline. 
B. (x, t) Beam of each demi-hull at instantaneous draught. 
B)k Hydrodynamic damping coefficient in the j-th direction due to the k-th 
mode of motion; expressed in the system o-xyz. 
C1 Hydrostatic restoring coefficient in the j-th direction due to the k-th 




Fed Hydrostatic restoring force in j-th direction. 
FR Hydrodynamic reactive force in j-th direction. 
Fj Wave exciting force in j-th direction. 
F° Complex amplitude of diffraction force in j-th direction. 
FK Complex amplitude of Froude-Krylov force in j-th direction. 
Fj'" Complex amplitude of wave exciting force in j-th direction. 
Fi( Amplitude of wave exciting force in j-th direction. 
I F'1 I Non-dimensional wave exciting force in j-th direction. 
F Froude number F. =Ul gL 
G(p; q) Green function. 
GML Longitudinal metacentric height. 
GMT Transverse metacentric height. 
H(t) Unit step function. 
I Fluid domain interior of the body. 
Ie Moment of inertia about the origin. 
Im Imaginary part of a complex quantity. 
K Encounter wave number. 
L Length between perpendiculars of the catamaran. 
iv 
L. Maximum distance from y-axis. 
LCG Longitudinal distance of the centre of gravity. 
M; j Element of mass matrix. 
P Fluid pressure. 
PV Principal-value of a integral. 
R Fluid domain exterior of the body. 
R(t) Ramp function. 
Re Real part of a complex quantity. 
SB (x', t) Wetted body surface in unsteady flow. 
S, Undisturbed free surface interior of the body. 
SF Undisturbed free surface exterior of the body. 
SB Wetted body surface in steady flow (mean wetted body surface). 
S. Control boundary surface at far-field. 
T Maximum time interval of simulation. 
T. Encounter wave period. 
U Mean forward speed of the body. 
V(;, t) Velocity field of total fluid flow. 
17, (x, 1) Local velocity of a point on the surface SB(x', t). 
W(x) Velocity field of steady flow. 
a Radius of a circular cylinder. 
a,, Non-dimensional hydrodynamic coefficient of the added mass term in 
the j-th force equation due to motion in the k-th mode; expressed in the 
system o-xyz. 
äft Sectional hydrodynamic coefficient of the added mass term in the j-th 
force equation due to motion in the k-th mode; expressed in the system 
o-xyz. 
ä fs Free surface induced acceleration. 
Qj Body acceleration at the body-fixed coordinate o-x'y'z'. 
bft Non-dimensional hydrodynamic coefficient of the damping term in the 
j-th force equation due to motion in the k-th mode; expressed in the 
system o-xyz. 
b. * Sectional 
hydrodynamic coefficient of the damping term in the j-th 
force equation due to motion in the k-th mode; expressed in the system 
o-xyz. 
d(x, t) Sectional instantaneous draught. 
d, Hull separation between two bodies. 
g Gravitational constant. 
V 
h Water depth. 
Distance from centre point of cylinder to the mean free surface. 
i (-1) 
k Wave number. 
k Discrete wave number. 
I Minimum characteristic length. 
n(n,, n2, n3) Normal vector outward the boundary surface. 
o- xoyozo Space-fixed coordinate system. 
o- xyz Steady translating coordinate system. 
o- x' y' z' Body-fixed coordinate system. 
p Coordinates of a field point in the system o-xyz. 
PHD Body induced pressure. 
P. 0 Free surface induced pressure. 
q Coordinates of a source point in the system o-xyz. 
q Coordinates of mirror image of the source with respect to the plane 
z=0 in the system o-xyz. 
r Horizontal radial distance away from the body. 
r' (x"') Position vector of a fluid particle on the surface SB (x', t ). 
IA time variable. 
z(x, y, z) Coordinates of a field point. 
zb Vertical coordinate of the centre of buoyancy. 
zIO Vertical coordinate of the centre of gravity. 
ä(x, t) Local oscillatory displacement vector. 
ä(x, t) Local velocity of a point on the surface SB (x', 1). 
f3 Angle of incident wave with x-axis ( 1800 at head sea). 
b(t) Dirac delta function. 
CD Total velocity potential of the flow field. 
Velocity potential of steady flow. 
C) Velocity potential of unsteady flow. 
Steady perturbation potential. 
ýB Velocity potential inside the domain I. 
Velocity potential of fluid flow in the fluid domain R. 
0o Incident wave potential per unit amplitude. 
0B Body potential. 
Of. Wave potential. 
0; Radiation wave potential per unit amplitude. 
07 Diffraction wave potential per unit amplitude. 
A Dipole strength. 
vi 
p Density of fluid. 
a Source strength. 
co Wave encounter frequency. 
O)n Discrete wave frequency. 
WO Incident wave frequency. 
w, Characteristic frequency. 
(t) Motion response in j-th mode of motion. 
Complex amplitude response in j-th mode of motion. 
Iý I Motion amplitude response in j-th mode of motion. 
Exact free surface elevation. 
4'0 Incident wave amplitude. 
V Grad operator. 
Volume displacement of a catamaran. 
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SUMMARY 
The aim of this research is to develop computational tools to predict the large 
amplitude motions of catamaran travelling with forward speed in waves. In this thesis, 
the results of theoretical and experimental investigations to predict the motions of 
catamarans in regular waves are presented. The motion problem of a catamaran 
travelling in waves has been formulated with the assumptions that the flow field is a 
potential flow. The solution of governing equations is determined by a set of initial- 
boundary conditions. In order to solve the motion problem, the exact boundary 
conditions have been simplified through linearisation by using the perturbation 
expansion technique. If the motion is steady and sinusoidal in time, the initial value 
problem can be precipitated out. Then, the initial-boundary value problem can be 
simplified to the boundary value problem. 
Solutions of small amplitude motion problem of catamarans have been obtained by 
solving the two-dimensional Green function integral equations over the mean wetted 
body surface in the frequency domain. Numerical computations for three catamarans 
(ASR5061, Marintek and V-1 catamarans) travelling in the oblique waves have been 
carried out to compare with experimental measurements. For the low forward speed 
case, good comparisons between the calculated and experimental results have been 
obtained. When the forward speed increases, the linear frequency domain technique 
gives a gross overprediction of the motion responses for the heave and pitch modes at 
the resonance frequencies and the calculated resonance frequency is slightly higher 
than the experimental measurement. Generally better predictions are obtained in heave 
motions than in pitch motions. 
By extending the linear frequency domain theory, a quasi-nonlinear time domain 
technique has been developed to investigate the large amplitude motions of the 
catamarans in regular waves. The nonlinearity of hydrodynamic forces included in this 
practical method comes from the variations of ship's submerged portion. These forces 
are obtained from a database generated by the linear frequency domain method at each 
time step. The coupled equations, heave and pitch, have been solved in the time 
domain by using the Runge-Kutta method with proper initial values. In order to 
investigate the nonlinear effects of large amplitude motions of the V-1 catamaran in 
the head sea condition, numerical results obtained from the linear and nonlinear strip 
methods have been compared with those obtained from a series of experiments carried 
out in the Towing Tank of the Hydrodynamics Laboratory at the University of 
70C1ä 
Glasgow. Based on the comparative studies, the numerical results obtained from the 
time domain program can provide better predictions for the large amplitude motions of 
catamarans than the linear frequency domain method. It is concluded that the nonlinear 
effects are significant when the model speeds and wave amplitudes increase. The peak 
values of large amplitude motions around the resonance frequencies as obtained from 
the nonlinear time domain predictions as well as from measurements are smaller than 
those obtained from the linear theory. 
In order to solve the finite-amplitude initial value problem, the two-dimensional 
transient motion is treated as a series of impulse problems by satisfying the exact body 
boundary condition and the linearised free surface condition. The solution has been 
constructed by means of a spectral representation for the wave field and a distribution 
of simple sources on the instantaneous wetted body surface. Preliminary results for the 
linear radiation problems on a submerged circular cylinder in deep water and a floating 
rectangle have been carried out by using the linear and nonlinear time domain 
techniques. Excellent agreement between the calculated hydrodynamic coefficients and 
the analytical solutions given by Ogilvie (1963) has been found for the submerged 
circular cylinder in deep water. For the floating rectangle, the calculated damping 
coefficients are slightly higher than those obtained from the published experimental 




Catamarans are the most accepted form of high speed crafts for passenger / vehicle 
transportation. Compared with other high speed crafts, they possess good transport 
efficiency at moderately high speeds. The more useable and rectangular shape of deck 
area is one of the desirable characteristics of catamarans and gives a good stability 
quality and consequently a small rate and angle of roll. However, if the relative motion 
between the wave and ship becomes large, the catamaran is vulnerable to wave 
impacts on the bottom of the cross-deck in severe sea conditions. It may cause speed 
reductions, local structural damage and transient hull vibrations. Thus, for optimal 
seakeeping performance of catamarans, the vertical motions should be minimised to 
avoid the hydrodynamic impacts on the cross-deck bottom. The first step to be taken 
is to investigate the seakeeping characteristics of catamarans and to develop proper 
design tools for naval architects. 
The basic theory of motions of a ship in waves was first established by Froude 
(1861) and subsequently by Krylov (1896). Assuming the incident waves are not 
disturbed by the existence of body, the wave forces acting on the submerged body due 
to incident waves are named as the Froude-Krylov forces. Based on the assumptions 
of high characteristic frequency, Lewis (1929) introduced the added mass terms into 
the Froude-Krylov approach without considering the free surface effects. Haskind 
(1946) solved the velocity potential due to the ship motion by using the Green's 
identities and derived the necessary Green function. Moreover, the linearised problem 
was first separated into the diffraction and radiation problems and the resulting integral 
equation was solved by using a thin ship approximation. In order to solve the two- 
dimensional problems for free floating bodies without forward speed, Ursell (1949) 
first developed a multipole method to present the radiation potential for a heaving 
circular cylinder. A source distribution method was published by Frank (1967). The 
submerged ship shape is divided into a series of straight-line segments and the two- 
dimensional Green function is applied to represent the unknown velocity potential of 
unit strength. Then, the source strength will be determined by a set of boundary 
conditions. 
The initial efforts on the hydrodynamic problems associated with catamarans were 
primarily devoted to minimise the resistance in the calm water. (e. g. Michel, 1961; 
Everest, 1968; Oving, 1985; Insel and Molland, 1991). Until the early 1970's, some 
fundamental studies to predict the hydrodynamic forces acting on twin-hull floating 
bodies were carried out by Ohkusu (1969), Wang & Wahab (1971) and Lee et al. 
1 
(1971). Since then, there has been a significant growth of interest in the concept of 
multi-hull ships. A series of systematic theoretical and experimental investigations of 
motions and sea loads of catamarans was carried out at the Naval Ship Research and 
Development Centre. An extensive experimental programme with ASR(submarine 
rescue ship) catamaran model was conducted by Wahab et al. (1971) to investigate the 
behaviour of the ASR model in a seaway. The full and model scale experimental 
programme conducted with Hayes catamaran were presented by Hadler et al. (1974). 
Lee et al. (1973) studied the twin-hull motion problems by using the strip method 
which was the extension of the approach developed by Salvesen et al. (1970). Based 
upon Chapman's (1975) high speed theory which was proposed to formulate a vertical 
surface-piercing plate motions in unsteady yaw and sway, Faltinsen et al. (1992) and 
Ohkusu & Wen (1995) reported a kind of pseudo three-dimensional theory to evaluate 
the motion responses of a catamaran at high Froude number. The three-dimensional 
translating and oscillating source technique was applied by Chan (1993) and Hudson et 
al. (1995) to predict the seakeeping performance of multi-hull ships. Kring & 
Sclavounos (1991) reported a three-dimensional Rankine panel method to investigate 
the wave patterns and motions for multi-hull ships travelling with forward speed 
through head seas. Most of these investigations are limited to the linear motions of 
catamarans in small amplitude waves. A limited amount of research and development 
efforts have been devoted to the field of large amplitude motion problem of twin-hull 
ships. A quasi-nonlinear time domain approach by using the hydrodynamic coefficients 
generated from the strip method was used by Arthur (1988) and Fang & Her (1995) to 
simulate the nonlinear motions of SWATH ships. 
The aim of present research is to develop computational tools to investigate the 
motions of catamarans travelling in waves. Firstly, the small amplitude motions of a 
catamaran configuration in oblique waves have been predicted by the linear frequency 
domain program based on the two-dimensional Green function method. Then, a quasi- 
nonlinear time domain technique extending the strip method has been used to simulate 
the large amplitude motions of a catamaran in regular head waves with various wave 
amplitudes and forward speeds. A set of experiments has been designed and carried 
out by using a scale model of a catamaran to validate the computational tools and to 
understand the nonlinear behaviour of a catamaran travelling in large amplitude waves. 
Finally, some fundamental studies on the two-dimensional transient theory have been 
developed for solving the "body-exact" problem where the body boundary conditions 
are satisfied on the instantaneous wetted surface of the body whilst the linearised free 
surface boundary conditions are maintained. All these investigations are detailed in the 
following Chapters of this thesis as summarised below. 
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Chapter 2 presents the problem formulation of motions of a marine vehicle 
travelling in waves. Three different coordinate systems have been introduced to 
describe the flow field and motions of the twin-hull ship. The flow field is assumed as a 
potential flow. Therefore, the Laplace's equation can be set up to represent the flow 
field and the solution is determined by a set of initial-boundary conditions. The exact 
boundary conditions lead to a nonlinear problem which is very difficult to solve in 
analytical or numerical calculations. In order to solve the motion problem, the 
theoretical formulation is simplified through linearisation by using the perturbation 
expansion technique. The linearised free surface and body conditions require the 
assumption that the disturbance on the free surface due to the steady forward motion 
is small and can be neglected. In the steady-state oscillating motions, the initial- 
boundary value problem can be simplified to the boundary value problem. 
In Chapter 3, a two-dimensional pulsating source potential technique has been 
stated to solve the unsteady velocity potential due to the incident, diffracted and 
radiated wave systems. Based on assumptions of the slender body and high-frequency 
oscillation motions, the two-dimensional frequency domain method is used to predict 
the small amplitude motions of catamarans in oblique waves. Numerical computations 
have been carried out to predict the linear motion responses of ASR5061, Marintek 
and V-1 catamarans travelling in waves and validated with experimental 
measurements. Results of these comparisons are discussed. For a twin-hull floating 
bodies, the negative added mass in the vertical plane motions and a set of discrete 
characteristic frequencies have been observed during the numerical investigation. 
In Chapter 4, a practical method has been developed for predicting nonlinear ship 
responses in regular waves by extending the strip method. The nonlinearity of 
hydrodynamic forces included in this method comes from the time-varying ship's 
submerged portion. The sectional hydrodynamic forces are retrieved from a database 
generated by the linear frequency domain technique at each time step, and then 
integrated in the longitudinal direction of ship's hull to obtain the total hydrodynamic 
forces and moments acting on the ship. Due to the large variation of hydrodynamic 
forces in the shallow draught region, the linear interpolation method has been selected 
to calculate the time-varying hydrodynamic coefficients and wave exciting forces. The 
coupled equations, heave and pitch, are solved in the time domain by using the 
adaptive stepsize Runge-Kutta method with proper initial values. Validation of 
mathematical model has been carried out by comparing numerical results obtained 
from the linear frequency domain method and nonlinear time domain technique with 
the V- i catamaran travelling in the head sea conditions. Time domain simulations have 
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been used to trace the nonlinear motion responses of V-1 catamaran with various 
wave amplitudes and forward speeds. Some parametric studies have been carried out 
to investigate the nonlinearity of large amplitude motions of the V-1 catamaran in 
waves. 
In Chapter 5, the tests carried out with the V-1 catamaran model at the 
Hydrodynamics Laboratory of the University of Glasgow are presented to evaluate the 
nönlinear effects due to large amplitude motions of catamarans travelling in waves. 
These tests cover different speeds and wave heights at a wide range of wave 
frequencies. A measurement rig has been designed and tested to investigate the large 
amplitude motions of a fast craft. Results obtained from calm water tests have been 
compared with previous work (Incecik et al., 1991). Numerical computations for 
predicting the motion responses of V-1 catamaran in the head sea conditions have 
been obtained from the linear frequency domain and nonlinear time domain techniques 
which have been described in Chapters 3 and 4. Comparisons between these calculated 
results and the experimental measurements with three forward speeds and three wave 
amplitudes are presented to investigate the nonlinear motions of the V-1 catamaran 
travelling in regular waves. The impact phenomena of large amplitude motions have 
been observed from a set of consecutive photographs of the test model. 
Chapter 6 presents a theoretical formulation of the transient motion problem in the 
time domain. Based on the assumptions of slender body and small wave slopes in the 
longitudinal direction, the three-dimensional boundary value problem is approximated 
by a set of two-dimensional initial value problems. The two-dimensional transient 
motion has been treated as a series of impulse problems by satisfying the exact body 
boundary condition and the linearised free surface condition. A spectral method which 
was first proposed by Chapman (1979) has been used to solve the finite-amplitude 
initial value problem. In the case of a linear motion problem, the hydrodynamic forces 
obtained in the time domain can be related to the hydrodynamic coefficients defined in 
the frequency domain through the Fourier transform technique. Numerical calculations 
for the linear radiation problem on a submerged circular cylinder in deep water and a 
floating rectangle have been carried by using the linear and nonlinear time domain 
methods. These calculated results have been compared with the results of published 
analytical predictions and experimental measurements. Some numerical instabilities 
have been observed during the calculation of the hydrodynamic forces of the floating 
rectangle in the captive mode. The reasons for these discrepancies are discussed. 





The problem of determining a particular flow caused by the existence and forward 
motion of the catamaran ship travelling in waves is to find a proper velocity potential 
that is based on the assumptions of "Ideal Fluid" and determined by the initial- 
boundary value problem. 
The flow field of this ideal fluid is known as "Potential Flow" or "Irrotational 
Flow". It means that the fluid is homogenous, incompressible and inviscid. Moreover, 
the surface tension is neglected. Based on these assumptions, there exists a gradient of 
scalar function 0 to represent the velocity field of an irrotational flow. Firstly, the 
differential equation such as Laplace's equation which describes the flow field will be 
set up. The solution of this differential equation will be determined by the initial- 
boundary conditions. 
The exact formulation of the boundary conditions leads to the nonlinear free 
surface condition and the body boundary condition on an unsteady body surface. 
These two conditions make the problem mathematically intractable. Therefore, a 
theoretical formulation of the linear boundary value problem in steady and unsteady 
flows induced by forward and oscillating motions of the moving body will be presented 
through linearisation by using the perturbation expansion technique. 
2.2 Coordinate systems 
In order to describe flow fields and motions of a rigid body moving in a seaway, it is 
necessary to define frames of reference. In general, the geometrical configuration of 
the twin-hull ship is easily described in a coordinate system fixed in the body. 
However, the motion of the fluid is easily described in an inertial system fixed in the 
fluid. Therefore, three right-handed orthogonal coordinate systems as shown in figure 
2.1 are required to define the motions of the catamaran and the relation between them 
will be discussed. 
Firstly, a coordinate system o- xoyozo is defined as the space-fixed system. The 
o- xoyo plane coincides with the undisturbed free surface, the xo-axis in the direction 
S 
of the body's forward velocity and the zo-axis vertically upward. This system will be 
used to describe the free surface boundary condition. 
Secondly, the steady-translating system o-xyz is defined which moves in the same 
direction and mean forward velocity, U, as the moving body. The x-axis is pointing 
upstream parallel to the longitudinal plane of the body and the z-axis is pointing 
vertically upward through the centre of gravity of the body with the origin in the plane 
of the mean free surface. The relation between the steady-translating system o-xyz and 
the space-fixed system o- x0 yozo can be shown by the linear transformation: 
2= (x, Y, Z) = (xo - Ut, Yo, zo) (2. i) 
These two coordinate systems will coincide when the forward speed of the body is 
zero. The body motion responses, 4, (j =1,2,... 6), in six degrees of freedom will be 
described by the steady-translating system o-xyz. Here j=1,1,2,3,4,5,6 refer to surge, 
sway, heave, roll, pitch and yaw motions respectively as shown in figure 2.1. 
Finally, the oscillatory and translating system o'-x'y'z' is defined which is the 
body-fixed frame and which is the best way to describe the body boundary condition 
on the wetted body surface. The oscillatory and translating system o'-x'y'z' fluctuates 
with respect to the steady-translating system o-xyz. Therefore, the local oscillatory 
displacement &(x, t) of a point on the body surface SB(x', t) can be defined by 
a(. , t)=( 
(t)ý 
z(t)ý s(t))ý'(ýa(t)ý s(t)346(t))xr'(*V') 
(2.2) 
where r' (x') is the position vector of the point on the surface SB (21, t) relative to the 
body-fixed frame o'-x'y'z'. (, (t), ý2(t), 3(t)) and (4(t), S(t), 6(t)) are the 
unsteady translational and rotational displacement vectors respectively. ä(x, t) is equal 
to zero in a steady equilibrium state if the origin o' locates at the centre of gravity 
which is on the undisturbed free surface. 
2.3 Formulation of the initial-boundary value problem 
In order to formulate the problem of potential flow, the velocity potential has to satisfy 
the equation of continuity at every point in the flow field except singular points. 
Furthermore, based on assumptions of the homogeneous, incompressible and inviscid 
fluid, the velocity potential of the flow field , 4)(xo, t), which must satisfy the 
Laplace's 
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equation in the fluid domain is written as 
V2c(x0, t) =0 (2.3) 
In order to determine the solution of (2.3), an initial-boundary value problem has 
to be solved. The initial state of the system should be prescribed at some instant of 
time. Moreover, we assume the ocean is infinite in all horizontal directions and the 
boundaries enclosing the fluid domain consist of the free surface, the wetted body 
surface, the sea bed and a control surface at far-field. These conditions will be 
discussed in the following sections. 
2.3.1 Free surface condition 
The effects of the free surface must be expressed in terms of appropriate boundary 
condition on the free surface which is described by its elevation: 
zo = 0(xo,. Yo, t) (2.4) 
The kinematic and dynamic boundary conditions must be satisfied on the free 
surface. It means that a fluid particle at the surface always remains at the surface and 
the pressure on the free surface must be atmospheric and conform to Bernoulli's 
equation. Assuming that the fluid is ideal and the surface tension at the free surface is 
negligible, the kinematic and dynamic conditions can be written respectively as: 
Dt 
(; - zo) =0 (2.5) 
.t+2 I0a)12 +gz0 =0 (2.6) 
where g is the gravitational constant. 
On the exact free surface 4'(xo, y0, I), the dynamic boundary condition (2.6) can be 
combined with the kinematic condition (2.5): 
ýa+g+2V "vcbt+1vc"V(VO"VO)=0 onzo=ý(xo, yo; t) (2.7) 
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This free surface condition is nonlinear and difficult to solve it analytically because 
the elevation of the free surface is not known a priori. Based on the linearisation, we 
can employ the perturbation expansion to linearise the free surface condition to the 
first-order and use Taylor series expansion to transform the exact free surface 
jxo, yo, t) to some known surface such as the undisturbed free surface (Chan, 1990). 
Moreover, the total velocity potential 4)(x0, t) can be expressed through linearisation 
in the following form: 
O(x'o, 1) = T(x')+ '(f, 1) (2.8) 
where T(x) and c(x, t) denote steady and unsteady potential respectively. 
If the disturbance on the free surface due to the steady forward motion is small, the 
unsteady velocity potential 4) is an order of magnitude greater than the steady velocity 
potential di. All terms associated with the steady velocity potential are of higher order 
and may be neglected in the first order free surface condition for the unsteady flow. It 
is assumed that the velocity field of the steady flow relative to the steady-translating 
frame o-xyz is: 
W(z) = v(D(x) = (-v, o, o) (2.9) 
Thus, the linearised free surface boundary condition can be obtained: 
atz 0 (2.10) (-v )2 +gis =0 
2.3.2 Body boundary condition 
The kinematic body boundary condition implies that the fluid velocity component 
normal to the instantaneous wetted body surface SB (x', y', z', t) is equal to the 
velocity component of the surface normal to itself. Thus: 
r. n = Von 
where 
v(zo, t) = vcb(zo, t) 




Ys(x, t) = iz(z, t) (2.13) 
V(20, t) is the velocity field of the flow; Va(x", t) is the local velocity of a point on the 
wetted body surface SB(x', y', z', t). 
- This body boundary condition must be satisfied on the exact oscillating surface 
SB(x', y', z', t) at each time step. In the linearised problem, the body boundary 
condition can be expanded onto the steady surface SB by using the perturbation series 
method. Then, the linearised body boundary condition is 
On =[iý+(W"0)ä-(ä"0)W] - ii on SB, SB (2.14) 
Furthermore, by linearisation, the unsteady velocity potential 1(x, y, z, t) can be 
decomposed linearly into three components due to incident waves, diffraction waves 
and radiation waves. If the small amplitude incident waves are sinusoidal and harmonic 










where 4 is the incident wave amplitude; 4a is the incident wave potential; 0, is the 
diffraction wave potential; qi is the radiation wave potential in j-th mode of motion, 
and ýj is the complex amplitude of motion. 
In the diffraction problem the body is assumed to be fixed with respect to the 
body-fixed frame o'-x'y'z' as ä=0 and j=0. Thus, on the body boundary of no 
oscillatory motion, equation (2.14) simply becomes: 
ß(0o+ 67)=o on Sß, S. (2.16) 
The radiation problem occurs as if the flow field is produced by the forced 
oscillation of the body in j-th degree of freedom in the absence of incident waves such 




where the components n, are defined as 
n= (n,, n2, n3) 
r'xn=(na, ns, n6) 
and the forward speed related coefficients m, are 
(m1, ms, m3)=-(n"V) P 





These body conditions involve the steady velocity field. If the body is thin, slender or 
the mean forward speed is low, then, m, term becomes: 
m1=0 
mS =Un3 
m6 = -Un2 
j=1,2,... 6 on S8, SB (2.17) 
j=1,2,3,4 
(2.22) 
This assumption leads to a simple speed correction, due to the angle of attack in pitch 
and yaw motion, on the linearised body boundary condition. 
2.3.3 Sea bed condition 
The fluid particle on the bottom has zero velocity normal to the boundary because the 




=0 on z=-h (2.23) a? c' 
where h is the depth of sea. 
In this study, since the deepwater condition is assumed, the velocity potential 0 




2.3.4 Initial value problem 
at z -9 -oo (2.24) 
In the initial value problem, the displacement and velocity of the fluid and body are 
specified at some instant of time, t=0. Therefore, the initial value of velocity potential 
must be prescribed: 
D(z, o) = f, (x) (2.25) 
01 (2,0)"«"2 f2 (2) (2.26) 
where f, (x) and f2 (x) are given functions at t=0. 
If the motion problem of a rigid body is the steady-state harmonic oscillations in 
time, the time dependence can be eliminated because the appropriate initial conditions 
were well prescribed. Then, the initial-boundary value problem can be further 
simplified to the boundary value problem for solving the solution of Laplace's 
equation. 
2.3.5 Far field radiation condition 
A radiation condition at infinity must be imposed upon the potential function in order 
to ensure a unique solution to the motion problem. This far field radiation condition 
assumes that the fluid motion produced by the steady oscillating body travels away 
from the body and vanishes at infinity on all sides. This type of radiation condition was 
firstly used in the study of acoustics by Sommerfeld (1949). The far field radiation 





where r is the horizontal radial distance away from the body; k is the wave number. It 
is difficult to define the far field radiation condition for the unsteady flow due to the 
forward and oscillatory motions of the body moving with constant speed in waves. An 
implicit far field radiation condition may be expressed as: 
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lim, rr(D(g, t) =0 (2.28) 
Based on the assumption that 0(x, t), (D, (9, t) and their first derivatives are 
uniformly bounded, the boundary condition at infinity as proved by Finkelstein (1957) 
states that the fluid motion vanishes everywhere for the initial value problem. If the 
solution begins with determining the velocity potential as an initial value problem, the 
far field radiation condition is not necessary. 
2.4 Conclusions 
Based on the potential theory, a theoretical formulation for the steady and unsteady 
forward motion problems has been presented. Due to the nonlinearities in the free 
surface and body conditions, the linearisation of boundary conditions has been 
introduced to simplify the mathematical complexity. Furthermore, it has been assumed 
that the steady perturbation potential is of higher order and can be neglected in the 
linearised free surface condition for the unsteady flow. The combined effects of 
oscillating frequency and forward speed will only be considered. 
The linearised body boundary condition contains the convective effects of the 
steady velocity field due to the forward speed effects. If the body is thin and slender or 
the mean forward speed is low, the linearised body boundary condition will be further 
simplified to a simple speed correction on the pitch and yaw motions. 
The position and velocity of system must be specified for the initial value problem 
in order to solve the arbitrary motion problem. The far field radiation condition is 
automatically satisfied in the initial value problem. Furthermore, if the motion of a 
rigid body is considered in the steady-state time-harmonic motion, the initial-boundary 
value problem can be further simplified to the boundary value problem because all 





















SMALL AMPLITUDE MOTIONS OF CATAMARANS IN WAVES 
3.1 Introduction 
It has been demonstrated that linear ship-motion theories can solve many seakeeping 
problems related to the average performance of a ship with good accuracy. The strip 
theory has been recognised as the most practical tool for predicting motions and loads 
of ships and ocean platforms utilised for various activities in deep and shallow ocean 
environments. This theory was first developed to compute the heave and pitch motions 
of a ship in head sea condition by Korvin-Kroukovsky (1955). Subsequently, the 
original strip theory has been improved by a number of investigators. Ursell (1962) 
and Newman & Tuck (1964) derived the long wave slender body theory and Ogilvie & 
Tuck (1969) and Salvesen et al. (1970) derived the short wave strip theory. However, 
these theories are based on the assumptions of potential flow, slender ship and small 
amplitude motions. (Motion amplitudes are assumed to be small compared to the 
transverse dimensions of the ship. ) 
Fundamental studies to formulate the hydrodynamic forces acting on catamarans 
started in the early 1970's (Ohkusu, 1969, Wang and Wahab, 1971). A study on the 
behaviour of an ASR catamaran in waves was presented by Wahab et al. (1971). The 
motions in waves and wave-induced forces and moments acting on the cross-deck 
structure in waves of various directions for several hull separations were investigated 
by means of the model tests of two asymmetric catamarans. Based on the theory 
developed by Salvesen et al. (1970), the strip method was extended by Lee et al. 
(1973) to predict the coupled heave and pitch motions of catamarans in head seas. The 
theoretical predictions were compared with the experimental results of three different 
catamaran models. Correlations between theoretical values and experimental results 
indicated that the motion amplitudes were overestimated. Some discrepancies were 
believed to be caused by viscous and forward speed effects. After one year, Hadler et 
al. (1974) presented a report for the experiments of USNS Hayes. It was the first 
ocean-going catamaran of the U. S. Navy. The paper highlighted the model 
development and full-scale trial programmes conducted on Hayes. Recently, there are 
further published research studies for investigating the small amplitude motion problem 
of catamarans in waves, such as Chapman's (1975) type pseudo three-dimensional 
theory by Faltinsen et al. (1992), Ohkusu and Wen (1995); Ranking panel method by 
Kring and Sclavounos (1991) and three-dimensional translating pulsating Green 
function method by Chan (1993), Hudson et al. (1995). Although the three- 
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dimensional method is a more accurate technique than the two-dimensional technique 
for the calculation of the motions of twin hulls, the computation time for the three- 
dimensional method is significantly higher than for the two-dimensional method. 
In this Chapter, a two-dimensional linearised method based on the potential flow 
theory is used to predict the motion performance of catamarans in waves. In order to 
validate this method, the numerical results have been compared with experimental 
values obtained for three different catamarans. The experimental values of an ASR 
catamaran with hull separation/beam = 1.58 in 180° heading at Froude number = 0.31 
and the motion responses of Marintek catamaran model in 90° and 135° wave 
headings at Froude number =0.49 have been compared with calculations based on the 
two-dimensional potential theory. For the third catamaran model (V-1 catamaran 
model), the existence of characteristic frequencies of the hydrodynamic forces on the 
twin hulls is discussed and the motion response values measured in the head sea 
condition have been compared with the results obtained from two-dimensional linear 
theory. 
3.2 Theoretical formulation based on the two-dimensional Green function 
The problem of linear ship motion is formulated in terms of the potential flow theory. 
Therefore, the fluid is assumed to be homogeneous, incompressible and inviscid. By 
assuming that the motions are steady in a moving coordinate system and are sinusoidal 
in time, the initial value problem can be precipitated out. Moreover, the amplitude of 
incident wave is small compared with the wave length and the dimensions of the body's 
cross section. Then, the exact boundary value problem can be further simplified 
through linearisation as described in Chapter 2. 
Based on the linearisation, the total potential, 0, can be separated into the steady 
potential, i5, and the unsteady potential, 45. Furthermore, the steady velocity 
potential, T, can be divided into the uniform stream and the steady perturbation 
potential Wx, y, z) : 
Z(x, y, z, I) = (x, y, z)+"(x, y, z, 1) 
=(-Ux+Wx, y, z))+4)(x, y, z, t) (3.1) 
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The unsteady potential, c, can be decomposed linearly into separate components due 
to the incident waves, diffraction waves and radiation waves. Then, it can be written as 
'(x, y, z, t)= Co(0o+07)+ý(' 
_i0i e-ra, r (3.2) 
where q$ is the incident wave potential of amplitude, Co, 07 is the diffraction wave 
p6tential and 01 is the radiation wave potential in j-th mode of motion. The body is 
assumed to be rigid and to oscillate in six degrees of freedom about its mean position 
with encounter frequency w and complex amplitudes ýj (j=1,2,... 6). Here 
j=1,2,3,4,5,6 refer to surge, sway, heave, roll, pitch, and yaw modes of motion 
respectively. 
The incident wave potential of unit amplitude which satisfies the Laplace's 
equation and the linearised free surface boundary condition can be described as 
ýo = -i-Le 
/a+ik(xcosfl+ysinfl) (3.3) 
a, o 
with the wave number k is given by the dispersion relation 
k= TO (3.4) 
g 
and the frequency of encounter is 
w=Iwo-Ukcos, (3.5) 
where wo is a wave frequency; and ýB is an angle of incidence with the x-axis (180° at 
head sea). It is understood that the real part is to be taken in all expressions. 
With the basic linear assumption, the diffraction wave potential ý and the 
radiation wave potential ý,, in the j-th mode of motion, must satisfy the following 
linearised boundary conditions: 
Laplace's equation in the fluid domain 
02g1 = 0; j=1,2,... 7 (3.6) 
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the linearised free-surface condition 
(itv+UÖI&)2 ci+g 
at 
=0 j=1,2,... 7at zO; (3.7) 




j=1,2,... 6 on SB; (3.8) 
0107 
a1 a1 on 
SB; (3.9) 
the kinematic boundary condition on the ocean floor 
°ý' 
=o az 
j=1,2,... 7 atz -+ -co; (3.10) 
where g is acceleration due to gravity; n1 is the generalised direction cosine with 
n= (n,, n2, n3) and rF' xn = (n4, ns, n6); n is a unit normal vector outward to the mean 
wetted body surface and r' is a position vector of a point on the mean wetted body 
surface; (m,, m2, m3)=-(n"V)W and (m4, ms, m6)=-(n"V)(F'xW); and W is a 
steady velocity field. If the body is slender, the steady perturbation potential due to 
forward motion is negligible in the unsteady flow. Then mf =0 for j=1,2,3,4; ms = Una 
and m6 = -Un2, which are used in the present study. 
For the two-dimensional method, a high-frequency assumption is made that the 
frequency of oscillation a' is much higher than the differential operator Uö! c* in the 
free surface boundary condition which reduces to 
-w2¢! +gi =0 (3.11) 
This free surface boundary condition (3.11) for the ship body oscillation at forward 
speed requires that the wave length is approximately of the same order as the ship 
beam. This is a very critical assumption and it makes the theory somewhat 
questionable in the low frequency range since the forward speed effects on the free 
surface are not included. 
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Under these assumptions, the three dimensional Laplace's equation and boundary 
conditions can be reduced to the two-dimensional problems by using strip theory. A 
two-dimensional pulsating source potential technique is developed to solve the 
unsteady velocity potential due to the incident, diffracted and radiated wave systems. 
The two-dimensional Green function method is an integral equation used in solving 
a linearised boundary value problem. The formulation of the Green function method is 
based on Green's second identity to define a velocity potential using a Green function 
on the boundary of the fluid domain. It will be shown from Green's theorem that 01 
may be constructed from a source distribution along the underwater surface of a 
floating body and its image. Figure 3.1 shows the fluid domain for the twin-hull 
bodies. The y axis is taken to coincide with the undisturbed free surface and the z axis 
is directed vertically upward. The origin is taken at the midpoint between twin hulls. 
S. is the surface of the body below the y axis. The y axis is divided into S, interior to 
the body and S. on either side. The lower half-plane, z<O, is divided into two regions: 
R exterior to the body and bounded by SF, SB and S,,; and I interior to the body and 
bounded by S, and SB . Let the 
body potential in these two regions be q and Qiýj . 
Quasi-analytic methods are usually applied in the form of a surface integral derived 
from Green's theorem. Let 
G(p, t; q) = G(Y, z; i1,4)e-'a` (3.12) 
where 
p=y+ iz : field point 
q= q+ i4: point 
A two-dimensional Green's function which satisfies the linearised boundary 
conditions is given by Wehausen et al. (1960) and defined as: 






q= ri- ii' : image source point 
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K- w: encounter wave number (3.14) 
9 
From Green's second identity : 
5(1-_GL)d1= ý- JJV. (1VG-GV#1)dc 
qq R+! 
- 
ff (O1OZG - GP2O1)ds (3.15) 
R+! 
where ö/ Mq is the normal derivative with respect to the source point q and the 
normal vector n is pointing into the fluid domain R. 
Since Oland G are the solutions of Laplace's equation except at a singular point in the 
fluid domain I and R, the equation (3.15) can be reduced to 
I. (ý 
j-G' )dl -0 in fluid domain (R and I) Cllq 
9 
(3.16) 
This integral along the body contour SB has three different characteristics which 
depend on the position of the field point p relative to the source point q. 
Firstly, the field point p is outside the fluid domain R. Since the source point q 
never coincides with the field point p, equation (3.16) is valid. 
Furthermore, if the field point p lies inside the fluid domain R but not on the 
boundary SB, concurrence of the field point p and source point may occur. When 
p=q, the singularity of the Green function G makes equation (3.16) invalid. This 
difficulty can be circumvented by surrounding the source point by a small circle of 
radius e with contour SS whose origin is at p. Then S. + S. is a closed contour 
surrounding the fluid domain R but exterior to S. Thus, equation (3.16) can be 
replaced by 
















&q _ G(P, R')(9)=0 4*q 
(3.18) 
Using Gauss's theorem, the following results can be obtained from equation (3.18): 
f (G(P, q) 
cy, (q) )dl= f G(P; q)(nq " V) e (4)dl = 
55 G(P; 4)V2 q (4)d =0 
R, 
(3.19) 









a19 Gý19 c-+O . L31 9 
=- lim [2, re. OjR(p) " 
I] 
= -2, rr (p) for p inside R. (3.20) 
Finally, if the field point p lies on the boundary contour SB, the contour S, is 
chosen to be a small semi-circle that the singularity can be avoided. Then, the factor of 
2'r in equation (3.20) becomes 'r, we can write 
f (ýj(q) 'G(P; 4) - 
ýq) 
dl -- ýr for p on S (3.21) 
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_G(P; 9')ý9))_ -n4ý; (P) for pr SB 
9 
-2 71 (P) pER 
(3.22) 
Also from Green's theorem, the representations for the interior domain I can be 




cU fý C4) 
(P; 4) GiP; 4) 
(q) p 
)dl = frý (p) for pE SB alQ 
Q 2; r (p) pEI 
(3.23) 
Then from (3.22) and (3.23) 
2irý; (p)=J(#(q) -c(q))ý 






%A" for p in it, on S. (3.24) 
S. 49 
Similarly, 
2 yro; (p) =f (J; (q) -f (q)) 





e5Wj (q) )G(p; q)dl for p in I (3.25) re 
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Thus, the potential over the entire lower half-plane is equivalent to a source 
distribution over SB and a dipole distribution over SB. Then 





(3.27) X. ät4 
where u(q) and o(q) can be interpreted as the dipole strength and the source strength 
respectively. The most common assumption is that the potential is continuous across 
the body, p(q) 0. The normal velocity is discontinuous across the body surface. If it 
is specified that 
f (p) =q (p) for p on S. (3.28) 
and the velocity potential is of the form, 
27rb; (P) =f a(9)G(P; 4)dl (3.29) 
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which is equivalent to a source distribution of strength o(q) along SB and its image is 
represented by Green's function defined in equation (3.13). 
If we apply the linearised body condition (3.8) and (3.9), the unknown source 
strength o(q) can be determined. Thus 
d= 2ýc 
ý' (p) 
for ýca(p)+ f a(q) 
'( 




The first term in the left hand side of equation (3.30) ensures the isolation of 
singularity for the validity of equation (3.15). 
Once the source densities o(q) are known, the velocity potential qj(p) can be 
solved by (3.29). The hydrodynamic forces and moments can be obtained by 
substituting the known velocity potential into the linearised Bernoulli's equation and 
integrating the resultant formulation over the mean wetted body contour. 
3.3 Hydrodynamic forces 
The hydrodynamic forces can be obtained by integrating the hydrodynamic pressures 
in terms of the appropriate velocity potential and its derivatives over the mean wetted 
body surface SB. Under the linearisation procedure, the unsteady velocity potential can 
be decomposed into potentials due to incident waves, diffraction waves and radiation 
waves. 
The hydrodynamic exciting forces FT are the results of the pressure associated 
with the incident wave potential and diffraction potential due to the incident waves per 
unit amplitude and can be expressed in the form 
Fjw =-p! 
f n1(iw+U 40 )(00+07)de-r" 
18 & 
= Ft e_, °" =IF, le-'("+"J) 126 (3.31) 
where 
F"=F; +iF; (3.32) 
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IFI= Fw2+F. 2 (3.33) 
ei = tan -1 
Fw 
(3.34) 
Fj and (FI are the complex amplitude and amplitude of wave exciting forces, 
respectively. e1 is the phase angle which is positive if the force leads the wave 
elevation at the origin of the coordinate. 
The exciting forces F' can be further decomposed into two components as the 
Froude-Krylov force and diffraction force. The Froude-Krylov force involves the 
incident wave potential only and corresponds to the force experienced by the body 
when the incident wave trains pass through it unaffected. Therefore the Froude-Krylov 
force is significant in the long wave or for a thin body in head waves with little 
scattering waves. The diffraction force becomes important in the short wave region or 
for a large body with a large frontal area exposed to the incident waves. 
Under the assumption of a linear frequency response to harmonic excitation 
relationship, the solutions for the displacements from the mean position of the 
catamaran can be expressed by 
Ak(t) _ cke-" =I ýkje-, ("+6t) k=1,2,... 6 (3.35) 
where 
x-b +lkr 
`k ( 4R2 +42 




and (ýk j are the complex amplitude and amplitude of motions, respectively; st is 
the phase angle with respect to the wave crest. A positive phase angle of the motion 
response indicates that a motion reaches its positive maximum value before the crest of 
the undisturbed incoming regular wave passes the origin. 
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The hydrodynamic reactive forces in the j-th direction resulting from the motion k 
are obtained by 
FF =-pf 
jn, (io +U 
f)gkdsýke-'ds 
j, k=1,2,... 6 (3.39) 
if, 
where j and k indicate the direction of the fluid reaction force and the mode of motion 
respectively. 
On the other hand, the hydrodynamic reactive forces can be expressed in phase with 
the body acceleration and velocity, that is 
F; R =-(A.. 4k(t)+BJýk(t))=(w2A, * +itBf)T, te-'ý` (3.40) 
The coefficients A, and B. are real quantities which are functions of the body shape, 
the forward speed and the frequency of motion. As A,, is associated with the body 
acceleration, it is normally called "Added Mass coefficient". The quantity Bfr is related 
to the velocity of the motion in the k-th mode and is called "Damping coefficient". The 
added mass and damping coefficients are given from (3.39) and (3.40) 




B, k =-P Im 




The hydrostatic restoring forces are defined as the fluid forces to restore the body 
to its static equilibrium state when the body is displaced freely from the rest position. 
By using Gauss's theorem, the surface integral can be transformed to the volume 
integral in the form 
Fj = cg 
f zn ds pgf Jf nj` V= -/gJJ dw 
f d? (r)+Y? 4(1)-=t(f))+.. n, dze_"' 
a' A. 
6_ 
C ekej=1,2,... 6 (3.43) 
k=1 
The quantity Cft is called the hydrostatic restoring coefficient which is a function of 
the body geometry only and is independent of the motion ýk. With one longitudinal 
plane of symmetry, a motion in the longitudinal plane cannot produce any forces 
perpendicular to that plane. The hydrostatic coefficients C,, t are given by 
24 
C33 = pgA ; C. = pgVGMr; C55 = pgVGML; 
C35 = C53 = -JW y (3.44) 
where A. and AY are the area and the first moment of the waterplane area at z=0 
respectively; V is the volume displacement of the catamaran; GMT is the transverse 
metacentric height and GML is the longitudinal metacentric height above the origin. 
3.4 Equations of motion 
For dynamic equilibrium the total wave-induced forces must be equal to the mass 





kýk(t)} = ýoFw j=1,2,... 6 (3.45) 
k=l 
where ýk and ýk are motion acceleration and velocity respectively; Mft is the mass 
matrix; A,, is the added mass; B. is the damping; and Cft is the restoring coefficient. 
F, w is the wave exciting force; 4 is the incident wave amplitude. The indices j and k 
indicate the direction of the fluid force and the mode of motion respectively. 
It is assumed that the catamaran has one longitudinal plane of symmetry. The 
symmetry of the hull with respect to the longitudinal centre-plane of the twin-hull ship 
leads to decoupling of the vertical plane modes from the horizontal plane modes. Thus 
the equations of motion can be divided into surge-heave-pitch and sway-roll-yaw 
equations. The generalised mass matrix [M] of the ship whose centre of gravity is at 
(0,0, za) can be written as 
M 0 0 0 Mza 0 
M 0 -Mzß 0 0 
IM] _ 
0 0 M 0 0 0 
(3.46) 
0 -MzG 0 44 0 -146 
Mz0 0 0 0 1S5 0 
0 0 0 -164 0 166 
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where M is the mass of the ship, Ijj is the moment of inertia about the origin in the j-th 
mode of motion and Ijk is the cross-product of inertia about the origin. 
Once the hydrodynamic forces as described in section 3.3 are determined by 
integration of the related radiation potential and the diffraction potential due to the 
incident wave, the linear motion responses of catamaran in regular waves can be 
obtained from equation (3.45). 
3.5 Correlation studies 
Based on the two-dimensional Green function, the formulation of the hydrodynamic 
forces on a catamaran and the resulting motion responses in regular waves has been 
described in the previous sections. The validation of the mathematical model was 
carried out by comparing numerical results obtained from the two-dimensional 
frequency domain program developed by Dr. H. S. Chan in 1993 with those obtained 
from experiments with three catamaran models. (ASR5061,1971; Marintek, 1992; V- 
1 model, 1994) 
3.5.1 Motion responses of the ASRS061 catamaran 
The most comprehensive sea load measurements were carried out in the Naval Ship 
Research and Development Centre by Wahab et al. (1971) for the ASR5061 
catamaran model advancing obliquely in deep water waves. The model 5061 
represents the ASR at the end of the preliminary design stage. Tests were carried out 
for a range of regular waves, speeds, headings and hull separations with six degree 
freedom of motions. The demi-hull is asymmetrical forward and symmetrical all as 
shown in figure 3.2. Some of the main particulars are given in Table 3.1. The 
ASR5061 catamaran was modelled by 21 sections and each contour was approximated 
by a number of straight-line segments, as shown in figure 3.3. In this correlation study, 
the experimental values of ASR model with hull separation/beam = 1.58, wave 
direction 8= 1800 and Froude number Fn(=U / gL) =0.31 were compared with the 
theoretical results based on the two-dimensional method. 
Figures 3.4 and 3.5 show the comparison of experimental data with the present 
theoretical results for the non-dimensional pitch and heave motions of the ASR5061 
catamaran against the non-dimensional wave frequencies. Comparisons show that 
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there is a good correlation between the theoretical and experimental results except 
around the resonance regions. When the effects of viscous damping are not taken into 
account, the numerical results obtained from the two-dimensional potential theory are 
higher than experimental results at the resonance regions for both heave and pitch 
-motions. Both experimental data and numerical results show a second peak in the pitch 
motion response curve. It may be caused by the interaction effects between the twin 
hulls. 
3.5.2 Motion responses of the Marintek catamaran 
Tests with the Marintek catamaran model were carried out in the Ocean Environment 
Laboratory of MARINTEK (Faltinsen et al., 1992). The demi-hull of this catamaran is 
round bottom, symmetrical with respect to the longitudinal vertical plane and had a 
transom stern as shown in figure 3.6. Table 3.2 gives the main particulars of the test 
model and figure 3.7 shows the segmentation of Marintek catamaran model for the 
numerical calculations. A free running model was used and measurements were carried 
out with 900 and 135° heading at Fn 0.49. The published non-dimensional heave and 
roll responses in regular beam waves and heave and pitch transfer functions in 135° 
oblique waves for the catamaran model have been compared with the numerical values 
obtained from the two-dimensional method as shown in figures 3.8 to 3.11. 
In figure 3.8, the experimental roll motions are somewhat higher than the 
numerical results at certain frequencies and the resonance position of the experimental 
curve is slightly shifted towards the low frequency. For heave motion predictions in 
beam sea, the numerical results are in good agreement with the experimental values as 
shown in figure 3.9. Unfortunately, the published experimental data lack values at high 
wave frequencies to validate the numerically predicted transfer function values of 
heave motion around the resonance region. 
Results for the non-dimensional pitch and heave motion responses in 135° heading 
are presented in figures 3.10 and 3.11. There are some discrepancies observed in the 
prediction of pitch motions at the lower wave frequencies. A good correlation between 
the numerically predicted and experimentally measured heave motion responses is 
obtained. However, the analytical results overpredict the values determined 
experimentally and the calculated heave and pitch resonance positions shift slightly 
towards the higher wave frequency region. Experimental errors may have occurred in 
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the autopilot system since it was not possible to keep the constant heading during 
these tests as discussed by the authors (Faltinsen et al., 1992). 
3.5.3 Motion responses of the V-i catamaran 
Incecik et al. (1991) reported a series of experiments for the V. I. L. catamaran model 
with variable spacing between the demi-hull and the position of LCG. In this study, the 
V. I. L. catamaran model was modified to arrive at the V-1 model. The V-1 model was 
tested with a new measurement system to investigate the nonlinear effects of large 
amplitude motions in the Towing Tank of the Hydrodynamics Laboratory at the 
University of Glasgow. Details about the experimental work can be found in Chapter 
5. In this Chapter, the experimental data of small incident wave amplitude, 4 =1. Ocm, 
have been used to validate the two-dimensional frequency domain method. The V-1 
model is a high speed catamaran hull form. The demi-hull is of the planing type, 
featuring V-type section and cut-off transom stern as shown in figure 3.12. The 
principal dimensions of the V-1 catamaran are given in Table 3.3. The segmentation 
of the V-1 catamaran model is presented in figure 3.13. 
The hydrodynamic forces in terms of added mass, damping coefficients and wave 
exciting forces at three different forward speeds are indicated in figures 3.14 to 3.28 
and in the following non-dimensional forms : 
- Added mass coefficient 
a A, * 1 pV j, k=1,2,3 
A, / pVL j=1,2,3: k=4,5,6 
k--1,2,3: j=4,5,6 
A. * / pVL2 j, k=4,5,6 (3.47) 
- Damping coefficient 
b,,: Bfr I p0 g/L j, k=1,2,3 
B ft i pVL g/ L j=1,2,3: k=4,5,6 
k=1,2,3 : j=4,5,6 
B. * / pVL2 g1Lj, k-4,5,6 (3.48) 
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- Wave exciting force 
(Fj, Lh1Bcov j=1,2,3 
I Fi) / P84'4) 0 jß, 5,6 (3.49) 
where g is acceleration due to gravity; V is the volume displacement of the 
catamaran; L is the length between perpendiculars of the catamaran. These results are 
plotted against the non-dimensional frequency. 
For a catamaran with port-starboard symmetry, the vertical plane motions (surge, 
heave and pitch) are affected by the symmetric interaction and the horizontal plane 
motions (sway, roll and yaw) by the antisymmetric interaction (Hudson et al., 1995). 
There exists a set of discrete characteristic frequencies at which the motion of the fluid 
between the twin bodies is strongly excited by the body oscillation (Wang and 
Wahab, 1971). These frequencies closely correspond to the gravity wavelength for 
deep water which satisfies the following relation : 
Symmetric interaction : a,, = 2nng/d, for n=1,2,3... (3.50) 
Antisymmetric interaction : w, = (2n-1), zg/d, for n=1,2,3... (3.51) 
where d, is the hull separation between two bodies. The characteristic frequencies 
derived from these equations are similar to the natural modes of the motion of fluid 
between two vertical walls of d, apart, with no energy dissipation. These like the form 
of a standing wave between the hulls. 
It should be noted that another resonance peak of hydrodynamic coefficient exists 
between w=0 and the first characteristic frequency specified in equation (3.50) in the 
vertical plane motions. The large negative added mass is observed around 
co L -I g=3.05 in the heave and pitch modes. For heaving motion of two-dimensional 
single bodies in a free surface, no negative heave added mass has been reported. Thus 
the existence of negative added mass for twin-hull bodies strongly suggests the effect 
of hydrodynamic interaction between the twin hulls. From equation (3.50), the first 
characteristic frequency of the vertical plane motion is at wj -I g=7.089 for the V-1 
catamaran. These abrupt discontinuities of results at characteristic frequencies can also 
be found from the numerical investigations as shown in figures 3.14 to 3.25. In the 
horizontal plane motions, the apparent discontinuity is observed around non- 
dimensional encounter frequency wL -I g=5.012 from the hydrodynamic coefficient 
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curves of the V-1 catamaran. This is a kind of antisymmetric standing wave interaction 
and can be predicted by using the minimum distance between the hulls in equation 
(3.51). There are no any troughs observed among zero and first characteristic 
frequency in the antisymmetric interaction to the V-1 catamaran configuration. 
The cross coupled hydrodynamic coefficients are well satisfied the Timman- 
Newman's (1962) symmetry relationships at the zero forward speed condition as found 
in "hydrodynamic coefficient curves. Figures 3.26 to 3.28 show the wave exciting 
forces, moments and related phases of the V-1 catamaran in the head sea condition. 
The symmetric hydrodynamic interaction between twin hulls can also be found in the 
curves of wave exciting force and moment. The discontinuity of numerical results is 
very significant at wo L/g=3.81 (related to o. L/g=7.089) at Fn=0.226. 
Furthermore, the minor effects appear at w0 L/g=2.58 when Froude Number is 
equal to 0.677. 
Validations of the two-dimensional method by the model tests of V-1 catamaran 
are given in figures 3.29 to 3.34. In this study, the incident wave amplitude was chosen 
l cm in order to eliminate the nonlinear effects. Experiments with three different 
forward speeds, Fn= 0.00,0.226,0.677, were carried out in the head sea condition to 
compare the measurements with theoretical results. Agreement between the 
experimental data and predictions based on the two-dimensional frequency domain 
theory for heave and pitch motions is good at zero speed. When the Froude number 
increases, the analytical method begins to overpredict peak values. The theoretically 
predicted position of resonance is higher compared to the experimental measurement 
when the forward speed increases. For the pitch motion predictions, the comparison 
shows some differences between the numerical results and experimental data in the 
low frequency region as shown in figures 3.32 and 3.34. The validation studies on the 
prediction of the small amplitude motions of V-1 catamaran in the head sea condition 
indicate that the resonance positions of both heave and pitch response curves shift to 
the lower wave frequency region and the peak amplitudes increase as the model speed 
increases. In general, phase angle predictions are in good agreement with experimental 
measurements except some minor discrepancies in the high frequency region. Better 
predictions are obtained in heave motions than in pitch motions by using the linear 
frequency domain method. 
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3.6 Conclusions 
A two-dimensional potential theory based on Green's function for estimating the small 
amplitude motion of catamaran in the frequency domain has been presented. 
Numerical computations of motion response in oblique waves have been validated by 
experimental results of three catamarans. 
The two-dimensional numerical method can provide reasonable predictions of 
motion responses of catamarans at low forward speed. Numerical calculations for the 
ASR5061 catamaran moving at Fn=0.31 in the head sea condition have been 
performed by using the linear frequency domain technique. It has been found that the 
theoretical results are in good agreement with the published experimental results 
except the amplitudes around the resonance region. A good comparison between the 
numerical predictions and published experimental measurements of Marintek model in 
heave and pitch modes at Fn=0.49 has been obtained. In the roll motions, the 
amplitude values predicted by the two-dimensional method are lower than the 
measured values and the position of resonance obtained from theory shifted to the 
higher frequency region. 
Some interesting phenomena due to the effects of interactions between twin hulls 
have been found in the calculated hydrodynamic coefficients of the V-1 catamaran. 
The negative added mass and a set of discrete characteristic frequencies have been 
observed by using the two-dimensional method. The calculated cross coupled 
hydrodynamic coefficients agree very well with the Timman-Newman's symmetry 
relationship for the zero speed case. For the motion response predictions, the heave 
motions predicted by the two-dimensional method are better than the results for pitch 
mode. Moreover, it has been found that the phase angle results obtained from the two- 
dimensional technique are in a good agreement with the experimental measurements. 
The forward speed effects on the motion response of V-1 catamaran have been 
investigated by through theoretical and experimental observations. As the forward 
speed increases, the resonance positions of motion response curves in both heave and 
pitch modes shift slightly to the lower wave frequency region and the magnitudes of 
motion responses at resonance frequencies increase. This phenomenon is very 
important in the slamming problem. 
Generally, the theoretical results give a gross overprediction of the motion 
responses at the resonance frequencies for the three catamarans. However, the 
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predictions can be improved by incorporating the viscous damping into the two- 
dimensional potential theory. Details can be found in Fang et al. (1996). 
The linear frequency domain method can provide accurate predictions for the small 
amplitude motions of catamarans travelling in waves. However, the application of the 
method will be restricted to the prediction of small amplitude motions because of the 
linearised boundary value assumption. The motion problems are simplified if the 
motion of the body can be treated as a small perturbation about some mean position. 
The linearised approaches cannot be used to forecast some of the nonlinear responses 
of a ship even in moderate sea conditions. In order to solve the problem of large 
amplitude motions of a. catamaran, one needs to develop a nonlinear time domain 
















Figure 3.2: Body Plan of the ASR5061 Catamaran Model 
Figure 3.3: Segmentation of the ASR5061 Catamaran Model 
Length between perpendiculars: . 
64.0m 
Beam of twin-hull: 26.2m 
Beam of demi-hull: 7.3m 
Draught: 5.5m 
Hull separation between two hulls: 11.6m 
Hull centre-line spacing: 18.9m 
Displacement: 2750 tons 
LCG aft of F. P.: 32.16m 
Vertical centre of gravity: 6.4m 
Longitudinal radius of gyration: 16. Om 
Transverse metacentric height: 17.98m 
Calculated natural heaving frequency: 1.33rad/sec 
Calculated natural pitching fruen : 1.27rad/sec 












Figure 3.4 : Pitch Motion Response in 180 deg. 







Figure 3.5 : Heave Motion Response in 180 deg. 






Figure 3.6: Body Plan of the Marintek Catamaran Model 
Figure 3.7: Segmentation of the Marintek Catamaran Model 
Length between perpendiculars: 3.778m 
Beam of twin-hull: 0.918m 
Beam of demi-hull: 0.267m 
Draught: 0.235m 
Displacement: 0.257m3 
Hull centre-line spacing: 0.652m 
LCG aft of amidships: 0.296m 
VCG from base line: 0.332m 
Transverse metacentric height: 0.556m 
Radius of gyration (pitch): 0.981m 
Radius of gyration (roll): 0.334m 
Radius of gyration (yaw): 1.022m 
Calculated natural heaving frequency: 7.00rad/sec 
Calculated natural pitching frequency: 7.18rad/sec 
Calculated natural rolling frequency: 8.87rad/sec 














Figure 3.8 : Roll Motion Response in beam sea for the 












Figure 3.9 : Heave Motion Response in beam sea for the 












Figure 3.10 : Pitch Motion Response in 135 deg. 












Figure 3.11 : Heave Motion Response in 135 deg. 
heading for the Marintek Catamaran at Fn=0.49 
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Figure 3.12: Body Plan of the V-1 Catamaran Model 
Figure 3.13: Segmentation of the V-1 Catamaran Model 
WL. 
Length between perpendiculars: 2. Orn 
Beam of twin-hull: 0.6m 
Beam of demi-hull: 0.175m 
Draught: 0.0672m 
Displacement: 0.02847m' 
Hull centre-line spacing: 0.425m 
LCG from transom stem: 0.80m 
VCG from base line: 0.055m 
Radius of gyration (pitch): 0.5138m 
Radius of gyration (roll): 0.556m 
Initial trim angle (bow down): 0.02deg 
Calculated natural heaving frequency: IO. Orad/sec 
Calculated natural pitching frequency: 8.20rad/sec 
Table 3.3 : Main Particulars of the V-1 Catamaran Model 
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Figure 3.14: Non-dimensional Added Mass Coefficients of the V-1 






























Figure 3.15: Non-dimensional Added Mass Coefficients of the V-1 
Catamaran at various Froude Numbers(Roll-Pitch-Yaw) 
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Figure 3.16: Non-dimensional Coupled Added Mass Coefficients of 
the V-1 Catamaran at various Froude Numbers(Surge-Heave-Pitch) 
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Figure 3.17 : Non-dimensional Coupled Added Mass Coefficients of 
the V-i Catamaran at various Froude Numbers(Surge-Heave-Pitch) 
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Figure 3.18: Non-dimensional Coupled Added Mass Coefficients of 
the V-1 Catamaran at various Froude Numbers(Sway-Roll-Yaw) 
44 
5 10 15 
S 10 15 





























Figure 3.19: Non-dimensional Coupled Added Mass Coefficients of 
the V-1 Catamaran at various Froude Numbers(Sway-Roll-Yaw) 
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Figure 3.20: Non-dimensional Damping Coefficients of the V-1 
Catamaran at various Froude Numbers(Surge-Sway-Heave) 
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Figure 3.21 : Non-dimensional Damping Coefficients of the V-1 
Catamaran at various Froude Numbers(Roll-Pitch-Yaw) 
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Figure 3.22: Non-dimensional Coupled Damping Coefficients of 
the V-1 Catamaran at various Froude Numbers(Surge-Heave-Pitch) 
48 
5 10 1S 
6.0E-C 
S. OF. -C 
4. OE-C 
3. OE-C 






















Figure 3.23 : Non-dimensional Coupled Damping Coefficients of 
the V-1 Catamaran at various Froude Numbers(Surge-Heave-Pitch) 
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Figure 3.24: Non-dimensional Coupled Damping Coefficients of 
the V-1 Catamaran at various Froude Numbers(Sway-Roll-Yaw) 
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Figure 3.25: Non-dimensional Coupled Damping Coefficients of 
the V-1 Catamaran at various Froude Numbers(Sway-Roll-Yaw) 
51 
5 10 is 
s 10 15 
5 
0) 


















Figure 3.26 : Wave Exciting Force (surge) in 180 deg. heading 
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Figure 3.27 : Wave Exciting Force (heave) in 180 deg. heading 



















Figure 3.28: Wave Exciting Moment (pitch) in 180 deg. heading 
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LARGE AMPLITUDE MOTIONS OF A CATAMARAN IN WAVES 
-A PRACTICAL METHOD 
4.1 Introduction 
The seakeeping performance of a catamaran design is assessed either using 
experimental measurements or theoretical techniques based on linear frequency 
domain methods. Although a number of experimental and theoretical investigations of 
catamaran motions has been conducted in the past, there is a lack of understanding of 
the nonlinearity of large amplitude motions. A linear behaviour is assumed in most of 
these investigations. The frequency domain method is restricted to the prediction of 
small amplitude motions since the free surface condition is assumed to be linearised, 
and the ship displacements are assumed to be small relative to the ship dimensions. 
Some of the ship response values, e. g. relative bow motions and the occurrence of 
green water on the deck, cannot be forecasted by using the linearised approaches. The 
nonlinear motion of catamaran stated as a mathematical problem with exact initial- 
boundary conditions is an insurmountable task to solve. A nonlinear time domain 
simulation technique is an appropriate tool for investigating the large amplitude ship 
motions. 
In recent years, there are several studies about the nonlinear motion problems. The 
nonlinear strip approach in which the instantaneous water line is considered instead of 
the mean water line is a kind of quasi-nonlinear method to solve the large amplitude 
motion problem. The nonlinear equations of motion are solved in the time domain. 
Zarnick(1978) used a numerical time simulation technique to study the motion 
responses of planing boat in waves. The sectional hydrodynamic force is assumed to 
be composed of momentum change and cross flow drag. The results obtained 
generally agree with Fridsma's(1969) experimental data. Assuming that the transients 
have died out in each time step, several authors applied the time domain approach by 
using the hydrodynamic coefficients generated from the frequency domain method to 
investigate the nonlinear motion and load problem for the mono-hull( Borresen & 
Tellsgrad, 1980; Elsimillawy & Miller, 1986; Fujino and Yoon, 1986; Chiu and Fujino, 
1991; Fang et al., 1993). So far, there are few investigations about the seakeeping 
problems of twin-hull ships by using the time domain technique. Arthur (1988) applied 
a time domain simulation technique to predict the motions of a SWATH ship. From his 
numerical results, Arthur (1988) found that the nonlinear hydrostatic forces are the 
most significant component in accurately predicting the motions of SWATH ships. 
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Recently, Fang and Her (1995) also used a similar technique to investigate the 
nonlinear motions of a SWATH ship in large longitudinal waves. The viscous effects 
are taken into account with a cross-flow approach. Unfortunately, there is a very 
limited amount of SWATH seakeeping measurement data at low forward speed and 
high frequency region to validate the numerical results. The limited comparisons 
between the predictions and measurements carried in the study show a good 
agreement. 
In this Chapter ,a practical method 
is advocated for predicting the nonlinear ship 
responses in waves by extending the strip method as described in Chapter 3. The 
nonlinearity of hydrodynamic forces included in the method comes from the time- 
variation of ship's submerged portion. The sectional hydrodynamic forces are 
calculated from a pre-generated database for the time-varying submerged portion at 
each time step, and then integrated in the longitudinal direction of ship's hull to obtain 
the total hydrodynamic forces and moments acting on the ship. The coupled equations, 
heave and pitch, are solved in the time domain. Calculations have been compared with 
those obtained from the linear theory. Some parametric studies have been also carried 
out to investigate the nonlinearity of large amplitude motion of the V- I catamaran in 
head sea conditions. 
4.2 Equations of motion 
In order to solve the steady-harmonic motion problem in the time domain, we assume 
that the catamaran is free to perform heave and pitch rigid body oscillations in the head 
sea condition and that it maintains its initial course at a constant forward speed. The 
steady-translating coordinate system o-xyz is used to describe the motions of the 
catamaran travelling in waves. The x-axis is pointing upstream parallel to the 
longitudinal plane of the body and the z-axis is pointing vertically upward through the 
centre of gravity of the body with the origin in the plane of the mean free surface. In 
this study, the nonlinear incoming waves are not considered and the pitch motions are 
of the order of the wave slope, which is small. Then, the coupled equations of motion 
for heave and pitch modes can be written: 
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I55 +45(t) ý3(t) B530) 
= Re 
F3w(t)ýoe-, -w 
Fw(t )ýoe-; ý 
(4.1) 
where ý and ý are acceleration and velocity respectively; M is the mass; ISS is the 
moment of inertia about the origin in the pitch mode; A., is the added mass; B is the 
damping; and C. is the restoring coefficient. F7 is the complex amplitude of wave 
exciting force; ýO is the incident wave amplitude. 
Equations (4.1) imply that the motions of the catamaran should be a kind of 
steady-state oscillations. Therefore, all the transients will die out. The solution of large 
amplitude motions of the catamaran in regular waves can be represented by the time- 
varying linear system. Based on these assumptions, the sectional hydrodynamic forces 
are obtained from the linear frequency domain method. 
The model is divided into a number of sections and each sectional contour is 
represented by a set of offset including the deck description. The sectional 
hydrodynamic coefficients and wave exciting forces including the related velocity 
potentials are computed for several different draughts at a given frequency using the 
linear frequency domain method. In each time step, the hydrodynamic coefficients, 
wave exciting forces and hydrostatic forces are determined at the instantaneous 
sectional draughts. Details of this procedure will be described in the following 
sections. 
The incident wave, 4", progressing in head sea condition, P=1800, is written in the 
translating coordinate o-xyz : 
b(x, t) = boe-i(As+mr) 
where ýo is the wave amplitude. 
(4.2) 
The instantaneous draught for each hull section can be determined by the relative 
vertical motion between the vertical motion of the at-rest waterline and the incident 
wave surface. Hence, the instantaneous draught d (x, 1), is given by 







d(x, t) =d(x, 0)+, '(x, t)-(ý3(t)-xý5(t)) 
where d(x, 0) indicates the at-rest draught. 
(4.3) 
The hydrodynamic coefficients, wave exciting forces and hydrostatic forces 
corresponding to the sectional instantaneous draughts are calculated by using the 
linear interpolation method from the pre-generated database and body offset of the V- 
1 catamaran at each time step. This nonlinear coupled heave and pitch motion 
equations are solved in the time domain by using the adaptive stepsize Runge-Kutta 
method(Press, W. H. et al., 1992). 
4.2.1 The nonlinear hydrodynamic coefficients 
In the radiation, the radiated waves are generated from the oscillatory motions of a 
body in calm water. The hydrodynamic forces are obtained by integrating the 
hydrodynamic pressures in terms of the related velocity potential #k and its derivatives 
over the at-rest wetted body surface. These reactive forces can be expressed in terms 
of the added mass and damping coefficients which are functions of the forward speed, 
the body geometry and the frequency of motion. 
Based on the linear frequency domain theory described in Chapter 3, the added 
mass and damping coefficients are defined as : 
A =-4 Ref fn, (iuo+U 
f)9kds (4.4) 
Bfr = PIm 
f jnJ(im+U f)gkds (4.5) 
After some manipulations, the following formulas for the added mass and damping 
coefficients in the heave-pitch motion at each time step can be derived : 
A33(t) = 
fLu33 (X* Odr + b33 (x, t)IL (4.6) 







A531tý--JLXa33(x, t) +jB33(t)-U X533 (X, t)IL 
(4.8) 
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(4.10) 
B33(t)=B53(t)+UA3 (t)+Uxä33(x, t)IL+ _j533 (X, t)IL (4.11) 
U 
"55(t)-. ILx2a33(x, 





X2b33(X, t)IL (4.12) 
2 
X33 (x, t)IL (4.13) (t) - 
Ux2ä33 (x, ML 2ä33 
(x, t)dr + 
12 




where the superscript "o" indicates the term at zero speed. IL indicates 144.11 and 12 
are the distances of stern and bow sections from the longitudinal centre of gravity, 
respectively. The sectional hydrodynamic coefficients in the integral, such as 633(x, t) 
and b33(x, t), denote the sectional coefficients for the heave motion. The forward 
speed effects on the hydrodynamic coefficients are included in equations (4.6) to 
(4.13) at each time step. 
In order to solve the large amplitude motion problem, the solution will be obtained 
by numerical integration in the time domain. This will cause some difficulties to 
calculate the nonlinear hydrodynamic forces obtained from the related time-varying 
velocity potential. In this study, however, a section may have large displacements from 
the at-rest position, then the added mass and damping coefficients will depend on the 
instantaneous draught d(x, t) with a given frequency of motion : 
ä33 (x, t) - ä33 (d (x, t), co) (4.14) 
b33(x) t)=b33(d(x, t), w) (4.15) 
This is an approximation which is questionable in the high frequency range where 
the hydrodynamic forces will dominate. For a completely submerged section the added 
mass and damping coefficients will be kept constant and equal to the values at the time 
of submergence. 
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4.2.2 The nonlinear wave exciting forces 
In the linear theory, the hydrodynamic exciting forces are due to the incident and 
scattered waves and are proportional to the wave amplitude. It is assumed that the 
body is restrained from any oscillatory motion and is subjected to the actions of 
incident waves in the diffraction problem. The hydrodynamic exciting forces are a 
function of the wave frequency, wave heading, forward speed and the body geometry. 
Based on the assumption of sinusoidal incident wave case, the hydrodynamic exciting 
forces, F,, per unit wave amplitude can be expressed in the form as defined in 
Chapter 3: 
Fw=-pfJ nj(iw+U )(5o+4)de" 
s, 
= Fw e-`ý` = (Fk +FP)e `° 
(4.16) 
where P and FAD are the complex amplitude of the Froude-Krylov force and the 
diffraction force respectively. 
The nonlinear wave exciting forces are composed of the Froude-Krylov forces and 
diffraction forces as mentioned in the linear theory. Therefore, the Forude-Krylov 
forces and moments for the heave and pitch motions at each time step are: 
Fk(t) f 
i. 
fx3(z, tc (4.17) 
Fsk(t) JiX. fK3ix, t (4.18) 
where 
.firs 
(x, t) =e' P9fs. ektdy (4.19) 
and, the nonlinear diffraction forces and moments for the heave and pitch motions are: 
js, ipd*(x, Y, z, k; t)dil c 
F3 ýt) fLe- Js, 1P i(x, Y, z, k; t)dl+ e-' 1 (1) 
(4.20) 
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A D(t) - -$L xe- Jf ipwO. (x, Y, z, k; t)dl 
ipw0(x, Y, z, k; t)d1)L +Uj e-&dc f ? Pw07(x, 3', z, k; t)dl -U e-u" 
fs, 
1(A JL s, iW 
(4.21) 
The procedure to calculate the wave exciting forces in the time domain is similar to 
the one used in the calculations of the hydrodynamic coefficients. The sectional 
nonlinear wave exciting forces are a function of the instantaneous draught, d(x, t), and 
frequency of motion. Once the sectional instantaneous draughts are determined, the 
corresponding sectional wave exciting forces will be retrieved from the pre-generated 
database by using the linear interpolation method. 
4.2.3 The nonlinear hydrostatic coefficients 
It is necessary to determine the ship position in waves to calculate the restoring forces 
and moments at any instant of time. Based on the linear theory, the nonlinear 
hydrostatic coefficients in each time step can be expressed as : 
C33 (t)= 2c 
5 
Bw(x, t)dx (4.22) 
C55(t) = 2Pgf X2BW(x, t)t +&V(t)(Zb(t)-zagt)) (4.23) 
C35 (t) 
- 
C53 (t) = -2pgJL xBW (x, t" 
dx (4.24) 
where BB(x, t) is the beam of each demi-hull at instantaneous draught; V(t) is the 
volume of displacement; zb (t) and za (t) are the vertical coordinates of the centre of 
buoyancy and centre of gravity of the hull, respectively. 
According to the instantaneous draught, the immersed portion of cross section can 
be decided by a set of offset points including the deck description. The linear 
interpolation method is used to calculate the beam of each demi-hull, B. (x, 1), related 
to the sectional instantaneous draught. Moreover, the cross-sectional area and the 
centre of buoyancy are calculated by using the cubic spline technique and are 
integrated along the length of ship to obtain the volume of displacement at each time 
step. 
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4.3 Time-domain solutions of the V-1 catamaran 
The coupled equations of motion for heave and pitch modes are solved by using the 
numerical integration technique in the time domain. For this purpose, a computer 
program has been developed by using the adaptive stepsize Runge-Kutta method. 
Equations (4.1) are a kind of second-order differential equations. For advancing 
the numerical simulation in time domain, these coupled equations are reduced to four 
first-order differential equations as follows: 
dd3(t) 









A35(t) 1-' F3(t) 
(4.26) 
Iss +A55(1) ['(t)i 
F3(t) 
= Re 










Equations (4.25) and (4.26) represent an initial value problem which can be solved by 
setting initial values of the time-dependent variables 
{(o), ýS (0), ý3 (0), ý, (0)] and 
then the solutions for the heave and pitch motions including the displacement and 
velocity at each time step can be obtained. Details of how to set the initial values will 
be discussed in the next section. 
In order to save computational time, the time dependent hydrodynamic coefficients 
and wave excitation forces are obtained from a hydrodynamic database by applying the 
linear interpolation method at a given wave frequency. The hydrodynamic database of 
the V-I catamaran is generated by using the linear frequency domain technique. These 
coefficients are a function of the wave frequency, section position, forward speed, 
sectional draught and body geometry. 
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In this study, the V-1 catamaran is divided into 15 sections and the at-rest 
waterline is 6.72 cm as mentioned in Chapter 3. Figures 4.1 to 4.18 show some 
examples which sectional hydrodynamic coefficients and wave exciting forces are 
related to a set of given draughts which include the still waterline and chine-line points 
in each section at a certain wave frequency and forward speed. Due to the large 
variation of these coefficients in the shallow draught region, the linear interpolation 
method is selected to calculate the time-varying hydrodynamic coefficients and wave 
exciting forces which are used to simulate the motion responses of the catamaran 
travelling in regular waves from equations (4.1). 
4.3.1 Initial value problem 
Equations (4.25) and (4.26) are formulated as steady-state sinusoidal equations. It is 
assumed that all "transient effects" have died out and a periodic solution exists. To 
solve these equations in the time domain, the proper initial values which describe the 
position and velocity of the system have to be specified. However, the numerical 
solutions will diverge if the damping of the coupled system is low to cope with the 
initial conditions. We observe that the characteristics of divergence depend on the 
numerical method employed, the wave encounter frequency, the incident wave 
amplitudes and the damping of system. 
In order to reduce the effects of transient, a ramp function, R(I), is applied to 
gradually increase the amplitude of incident wave : 
R(t) =2 (1- Cos( 
NT t}), t5 AT. (4.28) 
The time dependency of R(t) will increase from zero at t=0, to unity at t= NT 
where T, is the encounter period of wave. 
An alternative method for solving the problem of divergence is to assume the initial 
values of the differential equations from the results of the linear theory in the 
frequency domain. When the amplitudes of incident wave are small, computations have 
confirmed that the solutions of this method will be more quickly approximated to the 
steady-state oscillations than the ramp function model as shown in figure 4.19. In the 
cases of motion simulation of a catamaran at high speeds or large amplitude wave, the 
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numerical solutions are unsteady. Both methods are used to initialise the nonlinear 
motion problem in the regular waves. 
4.3.2 Small amplitude motion simulations 
In order to validate the time domain technique in the linear region, a wave amplitude 
of 40 = 0.1cm is chosen. This eliminates the nonlinear effects. The results obtained 
from the time domain technique have been compared with those obtained from the 
frequency domain method for the V-1 catamaran travelling in the head sea condition. 
Parts of the time histories for the linear motions of the V-I catamaran in heave and 
pitch modes are shown in figure 4.20 to 4.27. These results are calculated over a range 
of wave frequencies with three different forward speeds ( Fn=0.00,0.226,0.677). 
Only a limited number of time history examples for the V-1 catamaran are presented in 
here. As can be seen from figures 4.20 to 4.27, the motion amplitudes and phase 
angles obtained from linear and nonlinear simulations have a perfect match. 
Figures 4.28 to 4.33 are the non-dimensional heave and pitch motion predictions 
obtained from the frequency domain and time domain analyses of the V- I catamaran in 
head sea condition. The results show an excellent agreement between these two 
techniques. Although the small incident wave amplitude is chosen, there are some 
minor nonlinearities observed around the resonance frequencies when the forward 
speed increases as shown in figures 4.30 to 4.33. The motion response values obtained 
from the time domain technique are slightly lower than those obtained from the 
frequency domain predictions around the resonance frequencies. Based on this 
validation, it can be concluded that the time domain technique can be used to predict 
the motion responses of V-1 catamaran in the longitudinal waves. 
4.3.3 Large amplitude motion simulations 
The time domain simulations have been carried out with three incident wave 
amplitudes (1cm, 3cm, 4.5cm) and three forward speeds (Fn=0.00,0.226,0.677) to 
evaluate the nonlinear motions of the V-1 catamaran in the head sea condition. In this 
study, the functional dependence of wave amplitudes can be traced from the large 
amplitude motion simulations obtained from the time domain technique. 
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Some of the time histories for the non-dimensional heave and pitch motions of the 
V-1 catamaran with various incident wave amplitudes are presented in figures 4.34 to 
4.38. In figure 4.34, the non-dimensional heave motion responses increase as large 
wave amplitudes increase at zero forward speed and wave frequency w0=4.75 rad/sec. 
It is interesting to note that the amplitudes of negative peaks observed from the time 
domain simulations are almost the same when the incident wave amplitudes increase. 
However, the pitch motion responses are quite linear and the phase shifts are not very 
significant when the wave amplitudes increase. 
Although the results obtained from the linear theory are used for initial values, 
there are some numerical instabilities observed in the beginning of heave motion 
response simulations when the incident wave amplitudes are larger than 3.0cm as 
shown in figure 4.35. These numerical instabilities will increase with the forward 
speeds and wave amplitudes. In order to eliminate these effects, the ramp function 
introduced in 4.3.1 is incorporated with the linear theory results to initialise the 
equations of motion. In figure 4.35, both heave and pitch motion responses show some 
nonlinear behaviour which is a function of incident wave amplitude. The positive peak 
amplitude of non-dimensional heave and pitch motion decreases while the incident 
wave amplitude increases. Some phase angle shifts are also observed from these time 
histories. 
The distorted negative peaks are observed in the time histories of heave motions of 
the V-1 catamaran at large wave amplitude, ; 'o = 4.5cm, as shown in figure 4.36. From 
figure 4.37, the nonlinear effects are more appreciable for the heave and pitch motions 
at large incident wave amplitudes when the Froude number is equal to 0.226. For the 
heave motion, the non-dimensional amplitudes decrease when incident wave 
amplitudes increase. But the pitch motion results show the opposite trend when the 
wave amplitudes increase up to 3cm and 4.5cm. Moreover, the phase angle shifts are 
more significant on both heave and pitch motions with larger incident wave 
amplitudes. 
At the high forward speed case, Fn=0.677, o=6.25rad / sec, figure 4.38 shows 
that the mean values of the non-dimensional heave and pitch motions obtained in the 
time domain will shift toward negative axis when the incident wave amplitudes 
increase. 
Based on these time history investigations, the positive and negative amplitudes are 
of different magnitudes in the large amplitude motions of the V-1 catamaran. In the 
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linear theory, magnitudes of positive and negative amplitudes are identical. This 
asymmetric phenomena observed in the time domain simulations will be an important 
effect when we calculate the relative motions to solve the impact problem of a 
catamaran travelling in waves. 
Comparisons between results obtained from the linear theory in the frequency 
domain and from nonlinear calculations in the time domain with three different incident 
wave amplitudes are presented in figures 4.39 to 4.44. The non-dimensional heave and 
pitch motions are plotted against the non-dimensional wave frequencies at three 
different forward speeds. 
For the zero speed case, the numerical results show that the non-dimensional heave 
and pitch motions increase slightly when the incident wave amplitudes increase at the 
non-dimensional wave frequencies, coo L/g, between 1.58 and 2.822. At the 
resonance point, the non-dimensional motion responses decrease slightly when the 
wave amplitudes increase. 
At Froude number Fn=0.226, figures 4.41 and 4.42 show that the nonlinear effects 
are more significant at the resonance region for the large amplitude motions of V-1 
catamaran. Generally the non-dimensional heave motion responses decrease while the 
wave amplitudes increase except at wo L/g =2.257. However, the pitch motion 
results show the opposite trend. The non-dimensional pitch motion responses increase 
when the wave amplitudes increase at Fn=0.226. It may be noticed from figures 4.41 
and 4.42 that there are some phase shifts observed in the phase angle calculations. 
From the related time history observations shown in figure 4.37, it can be seen that not 
only the motion responses but also phase angles show a nonlinear behaviour during the 
large amplitude motion simulations of the V-1 catamaran in regular waves. 
Figures 4.43 and 4.44 are the non-dimensional motion response values and phase 
angles in heave and pitch modes of the V-1 catamaran at Fn0.677. Both heave and 
pitch motions show the same nonlinear phenomena that the non-dimensional motion 
responses notably decrease while the incident wave amplitudes increase except at 
coo LIg=1.69. 
From the numerical simulations of the large amplitude motions of the V-1 
catamaran travelling in head sea, it can be concluded that the nonlinear effects are 
more significant when the forward speeds and wave amplitudes increase around the 
resonance frequencies. 
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4.4 Parametric studies 
To investigate the components of nonlinearity due to large amplitude motions of the 
V-i catamaran in waves, some parametric studies have been performed by comparing 
results obtained from different numerical models which are based on : linear frequency 
domain method; nonlinear hydrodynamic coefficient model; nonlinear wave exciting 
force model; linear hydrostatic force model; nonlinear hydrostatic force model and 
nonlinear time domain method. Details of these numerical models are defined in table 
4.1. 
In this study, we select six test conditions which include varied forward speeds, 
wave frequencies and wave amplitudes. Detail results for the parametric studies on the 
heave and pitch motions of V-1 catamaran are presented in tables 4.2 to 4.7. Related 
time histories are also shown in figures 4.45 to 4.68. 
Table 4.2 shows that nonlinear effects in large heave motions are due to 
hydrodynamic coefficients, wave exciting forces and hydrostatic forces. It is difficult to 
classify the dominating effect in this test condition. There are no significant nonlinear 
effects observed in the time histories for the pitch motions. However, the phase angle 
predictions obtained from the nonlinear hydrostatic force model are similar to those 
obtained from the time domain method. At zero speed and high incident wave 
frequency case, coo = 8.5rad l sec, the nonlinear wave exciting forces play an important 
role in the prediction of the nonlinear motions of the V-I catamaran in head sea 
condition as shown in figure 4.50. 
Figures 4.53 to 4.56 show some interesting time domain traces for the heave and 
pitch motions of the V-I catamaran at Fn0.226, ao = 4. Orad / sec, CO = 4.5cm. Both 
heave and pitch response curves are asymmetrical. Furthermore, the twin-peak shapes 
are observed at the negative peaks of the heave displacements. These phenomena are 
due to the nonlinear hydrostatic forces as shown in figure 4.56. The total nonlinearities 
are contributed by all nonlinear components in this test condition. In table 4.5, the 
heave motion results obtained from the nonlinear hydrostatic force model are very 
similar to those obtained from the nonlinear time domain method. However, the 
nonlinearities of pitch motions come from the nonlinear wave exciting and hydrostatic 
forces as shown in figures 4.58 and 4.60. 
At the high forward speed, Fn-0.677, tables 4.6 and 4.7 show that the nonlinear 
hydrostatic forces provide a significant contribution to the nonlinear response values. 
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The nonlinear hydrodynamic coefficients and wave exciting forces still have some 
minor effects on the nonlinearity. 
In the linear theory, the results of motion equations are dominated by the 
hydrostatic restoring and Froude-Krylov forces in the low frequency region and by 
hydrodynamic coefficients in the high frequency region. However, this behaviour is not 
always observed in these numerical investigations. This may be due to the 
configuration of V-1 catamaran. The demi-hull of V-1 catamaran is a kind of V-type 
section which may give rise to large nonlinear hydrostatic forces when large motion 
responses occur. It is also interesting to notice that most of the hydrodynamic 
coefficients of the V-1 catamaran become constant while the sectional draught 
increases as shown in figures 4.1 to 4.18. 
4.5 Conclusions 
The problem of large amplitude motions of the V-1 catamaran in head sea condition 
has been formulated in the time domain by extending the linear frequency domain 
method. A hydrodynamic coefficient database has been pre-generated using the two- 
dimensional potential theory. The coupled equations of motion have been solved in the 
time domain by using the Runge-Kutta method with the proper initial values. 
The time domain technique has been validated by comparing the results obtained 
from the linear theory with those obtained from the nonlinear theory with a small 
incident wave amplitude. Then, a series of systematical analyses for the V-I catamaran 
motions with three wave amplitudes have been carried out by using the nonlinear time 
domain method. A nonlinear behaviour of the V-1 catamaran has been observed from 
the time domain large amplitude motion simulations. In general, the nonlinear effects 
are more significant around the resonance frequencies when the forward speed and 
wave amplitude increase. Moreover, the positive and negative amplitudes are of 
different magnitudes in the time histories when the large amplitude motions of V-1 
catamaran occur. Parametric studies have been carried out to investigate the effects of 
nonlinear terms. Based on these studies, it has been found that the effects caused by 
the nonlinear hydrodynamic coefficients, wave exciting forces and hydrostatic forces 
are difficult to separate in different test conditions. In the case of the V-1 catamaran 
configuration, the hydrodynamic coefficients and wave exciting forces play an 
important role in the prediction of nonlinear motions at the low forward speed. In the 
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high forward speed region, the hydrostatic forces give rise to a significant contribution 
to the nonlinear response values. 
However, this time domain technique is a kind of practical tool to predict the large 
amplitude motions of catamarans in regular waves. Strictly, the classical definition of 
frequency dependent added mass and damping coefficients is no longer valid in the 
nonlinear large amplitude motion problem. The added mass and damping forces are 
then replaced by the nonlinear hydrodynamic forces obtained from the nonlinear initial- 
boundary value problem for the time-varying velocity potential. Some fundamental 
researches have been carried out by the author for solving the initial-boundary value 
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Figure 4.1 : The Added Mass for the V-1 Catamaran with 







Figure 4.2 : The Damping for the V-1 Catamaran with 
Different Draught at Section No. 8. (Fn=0.00, (oo=3.25 rad/sec) 
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Figure 4.3 : The Real Part of Diffraction Exciting Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 










Figure 4.4 : The Imaginary Part of Diffraction Exciting Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
(Fn=0.00, (oo=3.25 radsec) 
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Figure 4.5 : The Real Part of Froude-Krylov Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
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Figure 4.6 : The Imaginary Part of Froude-Krylov Force for 
the V-i Catamaran with Different Draught at Section No. 8. 
(Fn=0.00, coo=3.25 radsec) 
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Figure 4.7 : The Added Mass for the V-1 Catamaran with 










Figure 4.8 : The Damping for the V-1 Catamaran with 
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Figure 4.9 : The Real Part of Diffraction Exciting Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
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Figure 4.10 : The Imaginary Part of Diffraction Exciting Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 







Figure 4.11: The Real Part of Froude-Krylov Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 








Figure 4.12 : The Imaginary Part of Froude-Krylov Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
(Fn=0.00, wo=5.5 radsec) 
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Figure 4.13 : The Added Mass for the V-1 Catamaran with 









Figure 4.14 : The Damping for the V-1 Catamaran with 
Different Draught at Section No. 8. (Fn=0.00, (oo=7.5 radsec) 
82 











V V. W V. i V"a v. f. 
Draught(m) 
Figure 4.15 : The Real Part of Diffraction Exciting Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
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Figure 4.16 : The Imaginary Part of Diffraction Exciting Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
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Figure 4.17 : The Real Part of Froude-Krylov Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
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Figure 4.18 : The Imaginary Part of Fronde-Krylov Force for 
the V-1 Catamaran with Different Draught at Section No. 8. 
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Figure 4.19 : Initial Value Problem for the Time Domain Simulation 
(Fn=0.00, wo=2.5 radsec) 
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Figure 4.20: Time Domain Solutions for the Linear Motions of V-1 Catamaran 
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Figure 4.21 : Tune Domain Solutions for the Linear Motions of V-1 Catamaran 
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Figure 4.22: Time Domain Solutions for the Linear Motions of V-1 Catamaran 














Figure 4.23: Time Domain Solutions for the Linear Motions of V-1 Catamaran 
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Figure 4.24: Tune Domain Solutions for the Linear Motions of V-1 Catamaran 













Figure 4.25: Time Domain Solutions for the Lincar Motions of V-i Catamaran 
(Fn=0.226, ýo=O. 1cm, (Oo=6.5 radsec) 
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Figure 4.26: Time Domain Solutions for the Linear Motions of V1 Catamaran 
(Fn=0.677, C, o=O. lcm, O)o=4.75 radsec) 
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Figure 4.27: Tune Domain Solutions for the Linear Motions of V-1 Catamaran 

















Figure 4.28: Linear Heave Motion Response of the V-1 
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Figure 4.30 : Linear Heave Motion Response of the V-1 





















Figure 4.31 : Linear Pitch Motion Response of the V-1 






















Figure 4.32: Linear Heave Motion Response of the V-1 



















Figure 4.33 : Linear Pitch Motion Response of the V-1 








-0ä osT Sec) 10 15 
1 










os 10 15 
Time(Sec) 
Figure 4.34: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with Various Incident Wave Amplitudes. 
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Figure 4.35 : Time Domain Solutions for the Heave and Pitch Motions of 
V-i Catamaran with Various Incident Wave Amplitudes. 
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Figure 4.36: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with Various Incident Wave Amplitudes. 
(Fn=0.226, (oo=4.0 rad/sec) 
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Figure 4.37 : Time Domain Solutions for the Heave and Pitch Motions of V-1 Catamaran with Various Incident Wave Amplitudes. 
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Figure 4.38: Time Domain Solutions for the Heave and Pitch Motions of V-1 Catamaran with Various Incident Wave Amplitudes. 
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Figure 4.39: Heave Motion Response of the V-1 Catamaran 
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Figure 4.40: Pitch Motion Response of the V-1 Catamaran 
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Figure 4.41 : Heave Motion Response of the V-1 Catamaran 






















Figure 4.42: Pitch Motion Response of the V-1 Catamaran 
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Figure 4.43: Heave Motion Response of the V-1 Catamaran 






















Figure 4.44: Pitch Motion Response of the V-1 Catamaran 





A: Frequency Domain Method 
B: Nonlinear Hydrodynamic Coefficients 
C: Nonlinear Wave Exciting Forces 
L: Linear Component Model 
D: Linear Hydrostatic Forces 
E: Nonlinear Hydrostatic Forces 
F: Nonlinear Time Domain Method 
NIL: Nonlinear Component Model 
A B C D E F 
Aft L N/L L N/L L NIL 
Bfr L N/L L NIL L NIL 
Cfr L L L L N/L N/L 
Fj'" L L NIL N/L L N/L 
Table 4.1 : Definition of Parametric Studies on the Nonlinear 
Motions for Different Numerical Models. 
A B C D E F 
f 3'' 0.1599 0.1685 0.1793 0.1681 0.1801 0.2114 
93(deg. ) -33.26 -52.27 -25.4 -24.39 -5.971 -6.748 
1451 / kýo 0.4380 0.4323 0.4244 0.4302 0.4438 0.4394 0, (deg. ) -74.74 -74.89 -86.49 -80.2 -72.86 -70.37 
Figures 4.45-48 4.45 4.46 4.47 4.48 4.45-48 
Table 4.2 : Parametric Studies on the Nonlinear Motions of the V-i 
Catamaran Model. (Fn=0.00, wo=5.5 rad/sec, 4=3.0cm) 
A B C D E F 
43 I/ 40 0.1484 0.1488 0.1587 0.1605 0.1560 0.1522 
03 (deg. ) 103.1 104.7 91.32 93.15 85.75 114.6 
s / kCo 0.07673 0.0772 0.05761 0.05914 0.07663 0.06309 
05 (deg. ) 122.5 122 103 103.2 108 111.1 
Fi res 4.49-52 4.49 4.50 4.51 4.52 4.49-52 
Table 4.3 : Parametric Studies on the Nonlinear Motions of the V-1 
Catamaran Model. (Fn=0.00, t v,, =8.5 rad/sec, 4=3. Ocm) 
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A B C D E F 
I ý31 0.7187 0.7502 0.8434 0.7014 0.7441 0.6801 
93(deg. ) -1.734 6.195 -3.631 5.37 -5.9 -6.0 
Iý51 /kýo 0.800 0.7798 0.7361 0.8276 0.9307 0.8793 
05(deg. ) -91.84 -96.57 -94.97 -99.66 -94.21 -95.26 
Figures 4.53-56 4.53 4.54 4.55 4.56 4.53-56 
Table 4.4 : Parametric Studies on the Nonlinear Motions of the V-1 
Catamaran Model. (Fn=0.226, wo=4.0 rad/sec, 4=4.5cm) 
A B C D E F 
1ý3 / ýO 0.8913 0.9133 0.8979 0.9162 0.8665 0.8615 
9, (deg. ) 143.3 131.1 144.2 143.9 141 143.2 
Ids /kýo 0.45 0.4442 0.4448 0.4329 0.4369 0.4568 
95(deg. ) -134.8 -136.1 -133.5 -134.9 -131.5 -130.4 
Figures 4.57-60 4.57 4.58 4.59 4.60 4.57-60 
Table 4.5 : Parametric Studies on the Nonlinear Motions of the V-1 
Catamaran Model. (Fn=0.226, w0=6.0 rad/sec, ; 'a=1.0cm) 
A B C D E F 
13I 140 1.891 1.871 1.800 1.858 1.614 1.657 
03(deg. ) -71.53 -73.35 -72.76 -73.79 -110.9 -97.54 
ý51 / k,; o 1.5234 1.523 1.485 1.483 1.233 
1.263 
95(deg. ) -175.5 -174.9 -176.5 -163.8 165.1 167.6 
Fi res 4.61-64 4.61 4.62 4.63 4.64 4.61-64 
Table 4.6 : Parametric Studies on the Nonlinear Motions of the V-1 
Catamaran Model. (Fn=0.677, wo=4.75 rad/sec, Co=1.0cm) 
A B C D E F 
I'53 / CO 0.7757 0.7611 0.6776 0.6986 0.5886 0.605 
03(deg. ) -112.4 -122.0 -118.9 -126.1 -149.8 -151.6 
Iý5 /kCo 0.6761 0.6503 0.6067 0.6174 0.4877 0.4839 
05 (deg. ) 153.4 155.2 164.1 154.3 142.2 141.5 
Figures 4.65-68 4.65 4.66 4.67 4.68 4.65-68 
Table 4.7 : Parametric Studies on the Nonlinear Motions of the V-1 
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Figure 4.45: Time Domain Solutions for the Heave and Pitch Motions 
of V-1 Catamaran with the Nonlinear Hydrodynamic Coefficients 
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Figure 4.46: Time Domain Solutions for the Heave and Pitch Motions 
of V-1 Catamaran with the Nonlinear Wave Exciting Forces 
(Fn=0.00, wo=5.5 rad/sec, c4o=3. Ocm) 
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Figure 4.47: Time Domain Solutions for the Heave and Pitch Motions 
of V-1 Catamaran with the Linear Hydrostatic Forces 
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Figure 4.48: Time Domain Solutions for the Heave and Pitch Motions of 
V-i Catamaran with the Nonlinear Hydrostatic Forces 
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Figure 4.49: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrodynamic Coefficients 
(Fn=0.00, wo=8.5 rad/sec, Co=3. Ocm) 
Time-Domain 
Nonlinear 
















789 10 11 12 
Tune(Sec) 
-"----- Freq. -Domain Time-Domain 
Nonlinear 






















ýN 'r 1. 
6789 10 11 12 
rime(Sec) 
Figure 4.50: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Wave Exciting Forces 
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Figure 4.51 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Linear Hydrostatic Forces 
(Fn=0.00, o)o=8.5 rad/sec, ýo=3. Ocm) 
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Figure 4.52: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrostatic Forces 
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Figure 4.53 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrodynamic Coefficients 
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Figure 4.54: Time Domain Solutions for the Heave and Pitch Motions of 
V-i Catamaran with the Nonlinear Wave Exciting Forces 
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Figure 4.55 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Linear Hydrostatic Forces 
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Figure 4.56: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrostatic Forces 
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Figure 4.57 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrodynamic Coefficients 
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Figure 4.58: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Wave Exciting Forces 
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Figure 4.59: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Linear Hydrostatic Forces 
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Figure 4.60: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrostatic Forces 
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Figure 4.61 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrodynamic Coefficients 
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Figure 4.62: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Wave Exciting Forces 
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Figure 4.63 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Linear Hydrostatic Forces 
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Figure 4.64: Time Domain Solutions for the Heave and Pitch Motions of V-1 Catamaran with the Nonlinear Hydrostatic Forces 
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Figure 4.65 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrodynamic Coefficients 
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Figure 4.66: Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Wave Exciting Forces 
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Figure 4.67 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Linear Hydrostatic Forces 
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Figure 4.68 : Time Domain Solutions for the Heave and Pitch Motions of 
V-1 Catamaran with the Nonlinear Hydrostatic Forces 






EXPERIMENTAL INVESTIGATION OF LARGE AMPLITUDE MOTIONS 
OF A CATAMARAN IN WAVES 
. 5.1 Introduction 
Model tests provide an attractive alternative to study the nonlinear problem of large 
amplitude motions beside the theoretical predictions. The physical phenomena of large 
amplitude motions of catamarans travelling in waves can be investigated in detail 
through experimental observations. At the present time, most published experimental 
data for the motions of catamarans are limited to a linear behaviour. In order to 
investigate the large amplitude motions of catamarans travelling in waves, a series of 
experiments with a catamaran model was carried out in the Towing Tank of the 
Hydrodynamics Laboratory at the University of Glasgow. 
The V-1 catamaran model developed from the V. I. L. catamaran (Incecik et al., 
1991) was selected for the test model. Tests were carried out at three different model 
speeds of Om/s, lm/s, 3m/s, three different wave amplitudes of 1cm, 3cm, 4.5cm and 
14 different wave frequencies in order to evaluate the nonlinear motions of the V-1 
catamaran in regular waves. A post-towing measurement system was designed and 
tested for the high-speed ships to carry out the motion tests in waves. 
The calm water tests were carried out with the V-1 catamaran in order to measure 
the total resistance, C. G. rise and trim change over a speed range up to Fn=1.129. 
Results are compared with previous work (Incecik et at., 1991). Comparisons between 
the experimental measurements and those results obtained from linear frequency 
domain and nonlinear time domain techniques have been made to investigate the large 
amplitude motions of the V-1 catamaran in regular waves. A set of consecutive 
photographs of the test model is presented to develop physical understanding of the 
nonlinear impact behaviour of the V-I catamaran travelling in head sea condition. 
5.2 Model configuration and test conditions 
5.2.1 Description of the model 
The V-1 catamaran model is a hard-chine type planing craft. Lines of the model is 
presented in figure 3.12. The draught of test model with hull separation/beam = 1.429 
is set at 0.0672m and the measured initial trim angle is 0.02deg., trim by bow, in the 
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still water condition. Details about the model configuration of the V-1 catamaran can 
be found in table 3.3. The catamaran model was constructed with glass-reinforced 
plastic fibres. A pair of aluminium bars were used to provide a rigid coupling between 
the hulls. The turbulence stimulation was provided by studs of 3 mm diameter and 3 
mm height at a spacing of 25mm. These studs were situated from 1.9 to 2.0 m forward 
of stern. No other underwater appendages were attached to the V-1 model during the 
tests. 
5.2.2 Test Condition 
There were three stages during these experiments. Firstly, in order to compare the 
measurements with previous work (Incecik et al., 1991) and to validate the new 
measurement system, a set of calm water tests was carried out. Then, the small 
amplitude incident wave tests, (o =1cm, were designed to validate the theoretical 
predictions obtained from the linear frequency domain method. Finally, two sets of 
larger amplitude incident wave tests, ýO = 3cm, 4.5cm, were carried out to investigate 
the nonlinear effects during large amplitude motions of the V-1 catamaran in regular 
waves with three different forward speeds (Fn 0.00,0.226,0.677). 
1. Calm water tests: 
The total resistance, running trim and sinkage of the catamaran model were measured 
over a speed range up to FII 1.129. Tests with 10 different forward speeds from 0.0 to 
4.875 m/s were carried out during these tests. 
2. Regular wave tests: 
During the motion response measurements in the head sea condition, the model was 
tested to investigate the nonlinear effects of large amplitude motions at three different 
model speeds (Om/s, lm/s, 3m/s), three different wave amplitudes (1cm, 3cm, 4.5cm) 
and 14 different wave frequencies (2.0 rad/sec to 8.5 rad/sec). 
5.3 Facilities and tests 
5.3.1 General 
All the experiments were carried out in the Towing Tank of the Hydrodynamics 
Laboratory at the University of Glasgow which has the following principal particulars: 
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Length : 77m 
Breadth : 4.6m 
Water depth : 2.7m 
The Hydrodynamics Laboratory is equipped with an electronically controlled 
towing carriage. The maximum carriage speed is 6.4 m/s. The wave frequency is 
ranging from 0.4 up to 1.4 Hz and wave amplitudes from 0.6 to 11 cm could be 
generated by a plunger-type wavemaker placed at the top end of the tank. Waves are 
generated at one end of the tank by a wavemaker and absorbed by a beach at the 
other. Figure 5.1 shows the general arrangement of the Towing Tank. 
5.3.2 Measurement devices 
A measurement system was designed and tested to investigate the nonlinear effects 
during large amplitude motions of a catamaran in the head sea condition. The model 
was towed by an vertical post which allowed freedom in pitch and heave motion with 
restraints in roll and yaw motions as shown in figure 5.2. The towing point was 
positioned at the centre of gravity of the model which was free to pitch around a hinge 
pin at its centre of gravity. The pitch pivot was mounted at the end of a vertical rod 
frame which slid in linear bearings allowing the model free to heave. Additional yaw 
restraints were provided by two vertical rods mounted in the stern and bow of the 
model and passing between two pairs of horizontal rollers mounted longitudinally on 
the carriage. No surge motion is allowed in this facility. This measurement system was 
designed to carry out tests not only with twin-hull models but also with mono-hull by 
rearranging the towing post frame. 
Compared with the former towing system in the Towing Tank, the present 
technique offers a number of improvements as detailed in the following: 
I. The post towing type system is more suitable than wire type towing system for 
carrying out motion response experiments in waves. The oscillatory motions of a test 
model will result an oscillatory towing force when the wire type towing system is used. 
Moreover, the towing wheel of a wire type towing system may hit the bottom of the 
model (mono-hull) or disturb the inner flow between two demi-hulls (catamaran) when 
the large amplitude motions occur. 
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2. The present measurement system does not induce any parasitic inertia effects on the 
model since the yaw restraint rods are fixed on the model and considered to be a part 
of ballast weights of the model. However, the pitch motion may be effected by any 
frictions due to the yaw restraint devices. The towing point is positioned on the centre 
of gravity of model to prevent the extra moments due to the shift of towing forces. 
3. Since the motion response of a high speed craft is sensitive to the weight 
distribution values, the material and dimension of the towing system were carefully 
selected. It allowed more freedom to adjust the mass distribution so that the designed 
centre of gravity and radius of gyration of model were achieved precisely. 
The total resistance was measured by a designed force gauge transducer installed 
at the middle of the towing post frame as shown in figure 5.2. A pair of small light- 
emitting diodes (LED, selspot system) positioned on the deck of the model was used 
to measure the heave and pitch oscillations of the model. The selspot system is 
designed to measure the coordinates of multiple points at the same time. A versatile 
optoelectronic camera detects the position of the diodes for registration and analysis of 
static as well as dynamic processes in real time. When the infrared light from the LED 
is focused on the detector surface, a photocurrent, divided among the four electrodes, 
will occur. The current can be used to obtain two signals linearly related to the vertical 
and horizontal coordinates of the LED without any contact with the model. 
Four resistance type wave probes were used to measure the wave heights in this 
study. The resistance type wave probe measured the resistances of the water between 
two wires as a function of the depth of immersion. One resistance type wave probe 
was situated on the carriage and was parallel to the bow line (122.5cm forward of 
C. G. ). The phase difference between the wave excitation and the model motion 
responses were measured by this wave probe. There are some disadvantages in using 
the resistance type wave probe in the forward speed tests. The surface-piercing probe 
will be deformed significantly due to the current load acting on it as the carriage 
travels at high forward speeds. This effect may cause some measurement errors in 
calculating the incident wave amplitudes and phase shifts. In order to accurately 
measure the incident wave amplitude, three resistance type wave probes were located 
at B/2, B/3 and B/4 from the tank side wall where B is the tank width and 
approximately 5.5m in front of the wavemaker. 
The setup of data-acquisition system used in this experiment is shown in figure 5.3. 
All the analog signals passed through multi-channel amplifiers and filters before 
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entering into AMUX-64 system which is an analog-to-digital converter. Then, the 
digital signals were recorded by a Macintosh-IIci microcomputer in real time and 
displayed graphically to ensure that the acquisition and measuring system worked 
properly during the tests. 
5.3.3 Calibration of the measurement devices 
In order to identify the linearity of measurement devices and get the calibration 
coefficients which can relate an output voltage to a physical quantity, a series of 
calibrations were made before carrying out the experiment. 
1. The calibration of force transducer: 
A semiconductor gauge type load cell was designed to measure the resistance of the 
catamaran model. The calibration of force transducer was carried out by applying 
weights of 0 to 10 kg with 2 kg steps from two different force locations to investigate 
the existence of moment. All the data were recorded and analysed in the 
microcomputer. The results showed that the effects of moment existed but the force 
transducer still kept linearity as the horizontal forces were measured in the forward 
speed direction; the accuracy of the measurement was within ±0.012kg. 
2. The calibration of selspot system: 
In order to measure the linearity of the selspot system, one LED was mounted on a 
vertical rod. The distance between the LED and the camera was 80cm. The calibration 
process was carried out by lifting the LED gradually at 2 cm intervals up to 10 cm and 
the new positions of LED were recorded in the computer at each time step. The 
calibration results showed a good linear relationship for the selspot system; the 
accuracy of the measurement was within ±0.01cm. 
3. The calibration of accelerometer: 
A gravity type accelerometer was used to measure the vertical bow acceleration at FP 
(Forward Perpendicular). The calibration of the accelerometer was carried out before 
it was mounted on the transverse beam of model. The accelerometer was rotated 90 
degrees and the position of the pen corresponding to 9.81 m/sec2 was marked on the 
chart-recorder. 
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4. The calibration of wave probes: 
The calibration process was carried out by lifting the wave probes at 5 cm steps up to 
15 cm and at each time step the new positions of the pens were marked on the chart- 
recorder and recorded in the computer. The calibration results showed a linear 
relationship for the wave probes; the accuracy of the measurement was within 
±0.02cm. 
5.3.4 Flowchart of the experiments 
The experimental process was carried out by the following flowchart as shown in 
figure 5.4. Details are described as follows: 
1. A model built for previous investigation was used to carry out experiments reported 
here. Four spray rails fitted on the previous V. I. L. model were dismantled and the 
towing foundations at LCG position were fitted on the bottom of each demi-hull with 
wooden material. The plastic covers were used on each deck of demi-hull for 
waterproofing during the experiments. 
2. The longitudinal ballast distributions were adjusted to satisfy the longitudinal centre 
of gravity. 
3. The transverse ballast distribution were adjusted to keep the zero heel angle. 
4. The height of ballast weights were adjusted to satisfy the vertical centre of gravity. 
5. The force transducer, selspot system, accelerometer and wave probes were 
calibrated to identify the linearity of transducers and to obtain calibration coefficients 
to relate an output voltage to a physical quantity being measured. 
6. The radius of gyration of model in pitch and yaw motions were measured by Bifilar 
suspension method (Lloyd, 1989). 
7. Equipment and model setup at the towing carriage are shown in figure 5.2. Some 
calibrations on site were also carried out to validate the setup of the transducers before 
starting the experiments. 
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S. The initial trim angle and draught of model were measured with the trim gauges. 
9. Calm water tests: (refer to 5.2.2 test condition) 
Having set the datum to zero in the data-acquisition, the catamaran model was towed 
by the towing carriage with a constant forward speed. Speed and force records were 
taken by the data-acquisition system when the required steady speed was reached. 
10. Regular wave tests: (refer to 5.2.2 test condition) 
Firstly, the initial values were measured by the data-acquisition system to set the 
datum to zero. Then, the wavemaker controlled by the Dell-200 microcomputer 
system was started to generate the regular incident waves. The catamaran model was 
towed by the towing carriage with a constant forward speed into the regular waves. 
When the model behaviour in waves reached the most steady and consistent pattern, 
the data-acquisition system was started. Figure 5.5 shows a set of sample records of 
the incident wave and motion response traces from the calm water condition to fully 
periodical motions. 
11. The measurement devices were re-calibrated at the end of each test series. 
5.3.5 Data analysis 
The experimental data acquired by the Macintosh-Ha microcomputer were transferred 
into the VAX3 100 workstation computer by means of the file server. The data analysis 
program, PHASE_ANGLE. FOR, was developed for the analysis of the data on the 
VAX workstation computer. 
The total resistance, running trim and sinkage of the model were obtained by 
analysing the experimental data in real time. These results are shown in figures 5.6 to 
5.8. The motion transfer functions, encounter wave frequencies and phase angles were 
calculated by using the zero-crossing technique in the time domain. The selspot system 
gives signals which are proportional to the absolute motions at the attachment points 





Pitch--tan71 s22z-' ( 5.2) 
where s, and s2 are the absolute motions measured forward and aft and 2x is the 
longitudinal separation of the two measurement locations. 
The wave is defined by the vertical displacement of the water surface at the C. G. 
section. In this study, the resistance type wave probe was situated at the towing 
carriage and paralleled with the model at 122.5cm forward of C. G. in order to reduce 
the perturbations generated by the motions of model. The phase angle shift in the 
recorded motions is corrected for this difference in the analysis. The wave and the 
motions in the head sea condition may then be described in the translational coordinate 
system o-xyz by: 
C(x, t) = C'o cos(kx + apt) : Wave (5.3) 
ý3 (t) _ 1ý31 cos(" + e, ) : Heave (5.4) 
is (t) = Iý5 t cos(" + e5) : Pitch (5.5) 
where w is the encounter frequency; ýO is the wave amplitude; k is the wave number. 
In figures 5.9 to 5.14, the test results are given as non-dimensional amplitude 
characteristics (1431/ 4 for heave, 1 fs 1/ kSo for pitch) and phase angles in degree 
related to non-dimensional wave frequency. The phase angle, e, gives the phase 
relationship between the motion and the wave. A positive value means that the 
maximum positive motion occurs before the maximum wave displacement is 
experienced at C. G.. Negative values imply that the motion lags the wave crest. 
5.4 Results and discussion 
The calm water tests were carried out with the V-1 catamaran model and the results 
were compared with previous work (Incecik et a)., 1991). For the motion responses of 
the V-1 catamaran in regular waves, the numerical results obtained from linear 
frequency domain and nonlinear time domain programs have been compared with the 
experimental data at different forward speeds and incident wave amplitudes. 
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5.4.1 Performance in calm water 
The total resistance, C. G. rise and trim change of the V-1 catamaran model were 
measured over a speed range up to Fn=1.129 in still water condition. The results are 
presented in figures 5.6 to 5.8 and compared with previous experiments (Incecik et al., 
1991). 
In order to satisfy the required centre of gravity, the draught of V-I model was set 
to a slightly different level than the model of V. I. L. catamaran. Four spray rails fitted 
on the V. I. L. model were also dismantled to simplify the hydrodynamic problem. 
Compared with the previous work, the calm water resistance curves are similar but the 
curves of C. G. rise and trim change are slightly different. These differences are 
believed to be due to the different towing system and towing point used as discussed 
in section 5.3.2. Moreover, the hydrodynamic lift generated by the spray rails of V. I. L. 
model would provide a significant effect. They produced a positive contribution to lift 
of V. I. L. model. Although these spray rails induced an increase in the resistance of the 
V. I. L. model, the wetted surface of model was reduced due to the hydrodynamic lift. 
This resulted in similar resistance curves of V-I and V. I. L. models at different draught 
conditions. It should be noted that the width of each spray rail was 2.54 cm in the 
previous work. 
5.4.2 Motion response in regular waves 
In this study, the catamaran model was tested to investigate the large amplitude 
motions at three different speeds Omfs, lm/s and 3m/s corresponding to the Froude 
numbers of 0.0,0.226 and 0.677. Therefore, the V-1 model was travelling in the so 
called "high-speed displacement hull" condition. In this study, the numerical methods 
did not take the effects due to trim and sinkage of the V-1 catamaran model into 
account to estimate the motion response in regular waves. 
Due to the limitations of the measurement system and the freeboard of V-1 model, 
parts of the experimental program were not carried out in the highest speed of 3m/s 
with large amplitude wave(3cm and 4.5cm) conditions. In order to further confirm the 
nonlinear effects due to variable forward speeds, two incident waves of 2cm amplitude 
were added to the high speed motion tests as shown in figures 5.13 and 5.14. 
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The heave and pitch motion results of the V-1 catamaran based upon the linear 
frequency domain method were computed and compared with experimental data. Non- 
dimensional amplitudes and phase angles are plotted as a function of non-dimensional 
wave frequencies in figures 5.9 and 5.10 for zero forward speed, figures 5.11 and 5.12 
for Fn=0.226, figures 5.13 and 5.14 for Fn=0.677. 
In very long waves, both non-dimensional heave and pitch motion responses are 
equal to 1.0 except the experimental measurements for pitch motion at Fn=0.677. 
Theoretically it means that the ship follows the wave slope. The maximum heave 
motion amplitude is equal to the incident wave amplitude and the maximum pitch is 
equal to the maximum wave-slope. The heave phase angle is equal to 0°. It indicates 
that the maximum heave occurs in the wave crest. The pitch phase angle is equal to - 
90°. This indicates that the maximum positive (bow down) pitch motion occurs at one 
quarter of an encounter period after the wave crest has passed the C. G. of model. 
In general, the magnitude of the motion amplitude at the resonant wave 
frequencies is overestimated by the linear frequency method and increases with the 
forward speed. For the zero speed case, the theoretical results correlate very well with 
measurements for heave and pitch motions. At the resonance point, the experimental 
results show that the motion response slightly decreases when the wave amplitude 
increases. The nonlinear effects at high speeds can be easily examined from figures 
5.11 and 5.12 for Fn=0.226, figures 5.13 and 5.14 for Fn=0.677. It can be confirmed 
by these test data that the nonlinear effects are more significant when the forward 
speed and wave amplitude increase. The peak values of heave and pitch motions 
measured around the resonance are smaller than those obtained from the small 
amplitude motion predictions. 
Time histories from towing tests and numerical simulations with three forward 
speeds are presented in figures 5.15 to 5.17.4,. and 4, represent the sinkage and 
trim values which come from the calm water towing test as shown in figures 5.7 and 
5.8. 
Comparisons illustrate that generally the heave and pitch response values are better 
predicted by the nonlinear time domain simulation than by the linear method. For the 
zero speed case, the phase predictions obtained from the linear and nonlinear methods 
in heave motion are similar as shown in figure 5.15. Although the time domain 
technique can provide good predictions for the large amplitude motions of the V-I 
catamaran, there still exist some nonlinearities which can not be well predicted by the 
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technique presented here. Figure S. 15 shows that the heave traces of experimental 
measurements have nonlinear characteristics when the large incident wave amplitudes 
ýO = 4.5cm. However, the amplitude and phase angle of the linear and nonlinear pitch 
motion predictions are in good agreement with the measurements. Figure 5.16 
illustrates that the predictions of pitch motion are better than the heave motion 
predictions at Fn=0.226, mo = 6. Srad / sec and 4'o = 3. Ocm when the nonlinear method 
is used. There are some phase shifts observed between theoretical and experimental 
time history curves of heave displacements. At Froude number Fn=0.677, both linear 
and nonlinear simulations have overpredicted the amplitudes of heave and pitch 
motions as shown in figure 5.17. However, the nonlinear time domain technique still 
provides better predictions compared with the experimental data as shown in the time 
history curves., In addition, the positive and negative amplitudes are of different 
magnitudes as observed in the experimental measurements as well as in the nonlinear 
time domain simulations. These phenomena can not be predicted by the linear 
frequency domain method. 
Figures 5.18 to 5.23 show the experimental and theoretical motion response values 
of the V- I catamaran for three different wave amplitudes at zero forward speed. The 
heave and pitch motion response predictions of the V-l catamaran are similar as 
results obtained from the linear and nonlinear simulations. These predictions also 
correlated well with experimental data in this test condition. Although the nonlinear 
effects are not appreciable even in the large amplitude motions of the model, the time 
domain results are closer to the experimental measurements than the linear frequency 
domain predictions as shown in figures 5.22 and 5.23. At Froude number Fn=0.226, 
calculations obtained from both linear and nonlinear methods overpredicted the 
amplitudes of heave motions around the resonance frequencies. However, the results 
obtained from the nonlinear program show a better agreement with the experimental 
measurements than the linear predictions, especially in the high frequency region, as 
shown in figures 5.24 to 5.29. In the pitch motions, experimental measurements are 
higher than the numerical predictions obtained from the linear and nonlinear techniques 
when the non-dimensional wave frequencies are lower than wo L -I g=2.5. There are 
some discrepancies observed in the pitch motion predictions at mo j- -I g=2.257. The 
experimental measurements and nonlinear predictions show an opposite trend when 
the incident wave amplitude increases. In figures 5.30 to 5.35, due to limitations of the 
measurement system, there are not enough experimental data at the large incident 
wave amplitude condition around the resonance frequencies to validate the theoretical 
investigations. It still can be concluded that the nonlinear time domain technique 
provides better predictions for the heave and pitch motion responses of V-1 catamaran 
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than the linear frequency domain method at Froude number Fn=0.677. 
Some nonlinear characteristics of the heave and pitch motions of V-1 catamaran 
with various incident wave amplitudes are presented in figures 5.36 to 5.41. 
Comparisons between results obtained from the linear method, nonlinear time domain 
simulations and model tests are presented. At zero speed and wave frequency 
wo = 4. Orad / sec, the heave and pitch motion values show a linear behaviour even at 
large wave amplitude. In the high frequency case, figure 5.37 shows that the nonlinear 
method predicts nonlinearities better in pitch motions than in heave motions. For the 
forward speed cases, the nonlinear predictions generally give a good agreement with 
experimental data when the amplitude of wave is large. Figure 5.41 shows that the 
linear theory can predict better motion amplitude values than the nonlinear technique 
for various wave amplitudes at Fn 0.677, aua = 5.5rad l sec. However, the results 
obtained from the time domain simulation show similar trends to the experimental 
measurements as far as the nonlinear characteristics of large amplitude displacements 
are concerned. 
In the case of a catamaran, the slamming usually occurs on the underside of the 
deck between the two hulls. The impact can cause not only structural damage but also 
damage to the on board instrumentation due to vibrations. A set of consecutive 
photographs of the V-1 model motion in regular wave test is presented in figures 5.42 
to 5.51 to illustrate the physical phenomena of nonlinear motions. Figure 5.42 shows 
that the V-1 catamaran model is towed by the towing carriage with a constant forward 
speed (U=3m/s) into the regular waves (ýO = 3.0cm, ago = 4.75rad J sec). The growth 
of bow impact waves in time can be clearly observed through figures 5.43 to 5.48. The 
inner impact flow which is located around 70cm forward of C. G. is far severer than the 
outside impact spray as shown in figures 5.46 to 5.48. Furthermore, the inner impact 
waves will shift afterward and the interior flow between twin hulls will be significantly 
raised after the impact as observed in figures 5.49 to 5.51. Figures 5.52 and 5.53 show 
the nonlinear behaviour of the model in the head sea condition at Fn=0.226, 
, 'a = 4.5cm and w=5. Orad l sec. The exit of bow keel of the V-1 catamaran from the 
water surface can be easily observed from figure 5.52. The inner flow slamming is 
found at the locations of 70 to 122.5 cm forward of C. G. as shown in figure 5.53. 
Some forward speed effects on the impact phenomena of the V-1 catamaran can be 
noticed when figures 5.47 and 5.53 are compared. As the forward speed increases, the 
shape of outside impact spray will vary from quadrilateral to triangularity and the 
location of cross-structure slamming will shift afterward. 
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5.5 Conclusions 
An experimental setup has been designed and tested to investigate the nonlinear effects 
of large amplitude motions of catamarans in waves. The validation of mathematical 
analyses has been carried out by comparing numerical results obtained from the linear 
frequency domain method and nonlinear time domain technique with the experimental 
data of the V- I catamaran. Some conclusions may be drawn as follows: 
1. The new experimental setup is a very suitable system to investigate the motion 
responses of fast crafts in waves. 
2. The comparisons do reveal some characteristics about the performance of the linear 
and nonlinear techniques. In general, heave and pitch amplitudes are overpredicted by 
both numerical tools around the resonance frequencies. However, the nonlinear 
approach provides better predictions compared with experimental measurements than 
the pure linear theory. The different magnitudes of positive and negative amplitudes of 
large amplitude motions can be predicted by the nonlinear technique in the time 
domain. 
3. Through the nonlinear theoretical and experimental investigations of the V-I 
catamaran model for various forward speeds and wave amplitudes, it can be confirmed 
that the nonlinear effects become significant when the model speed and wave 
amplitudes increase. The peak values of large amplitude motions in heave and pitch 
modes measured around the resonance are smaller than those obtained from the small 
amplitude motion predictions. 
Based on the experimental and comparative investigations, not only the 
underwater geometry but also form characteristics above the waterline of ship should 
be incorporated into the mathematical simulations for predicting the large amplitude 
motions of catamarans in waves. Through the experimental observations, the 
phenomena of cross-structure slamming of catamarans will be significantly effected by 
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Figure 5.9: Experimental and Linear Theoretical Heave 
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Figure 5.10: Experimental and Linear Theoretical Pitch 
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Figure 5.11: Experimental and Linear Theoretical Heave 
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Figure 5.12: Experimental and Linear Theoretical Pitch 
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Figure 5.13: Experimental and Linear Theoretical Heave 
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Figure 5.14: Experimental and Linear Theoretical Pitch 





















Figure 5.15 : Experimental and Theoretical Time Domain Histories for 
the Heave and Pitch Motions of V-1 Catamaran. 
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Figure 5.16: Experimental and Theoretical Time Domain Histories for 
the Heave and Pitch Motions of V-i Catamaran. 
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Figure 5.17 : Experimental and Theoretical Time Domain Histories for 
the Heave and Pitch Motions of V-1 Caýanaran. 














Figure 5.18: Experimental and Theoretical Heave Motion 
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Figure 5.19 : Experimental and Theoretical Pitch Motion 






















Figure 5.20: Experimental and Theoretical Heave Motion 
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Figure 5.21: Experimental and Theoretical Pitch Motion 




















Figure 5.22: Experimental and Theoretical Heave Motion 























Figure 5.23: Experimental and Theoretical Pitch Motion 
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Figure 5.24 : Experimental and Theoretical Heave Motion 
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Figure 5.25 : Experimental and Theoretical Pitch Motion 




















Figure 5.26: Experimental and Theoretical Heave Motion 
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Figure 5.27 : Experimental and Theoretical Pitch Motion 
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Figure 5.29 : Experimental and Theoretical Pitch Motion Response 
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Figure 5.30 : Experimental and Theoretical Heave Motion 
























Figure 5.31 : Experimental and Theoretical Pitch Motion Response 
























Figure 5.32: Experimental and Theoretical Heave Motion 
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Figure 5.33: Experimental and Theoretical Pitch Motion 
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Figure 5.34: Experimental and Theoretical Heave Motion 
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Figure 5.35: Experimental and Theoretical Pitch Motion 




























Figure 5.36: Nonlinearity of the Heave and Pitch Motions 
of V-1 Catamaran with Various Incident Wave Amplitudes. 










Figure 5.37 : Nonlinearity of the Heave and Pitch Motions 
of V-1 Catamaran with Various Incident Wave Amplitudes. 

























Figure 5.38 : Nonlinearity of the Heave and Pitch Motions 
of V-1 Catamaran with Various Incident Wave Amplitudes. 










Figure 5.39: Nonlinearity of the Heave and Pitch Motions 
of V-1 Catamaran with Various Incident Wave Amplitudes. 
(Fn=0.226, (oo=6.5 rad/sec) 
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Figure 5.40: Nonlinearity of the Heave and Pitch Motions 
of V-i Catamaran with Various Incident Wave Amplitudes. 





Figure 5.41 : Nonlinearity of the Heave and Pitch Motions 
of v-1 Catamaran with various Incident Wave Amplitudes. 






Figure 5.42 : The Behaviour of the Model Motion in Regular Wave Test: 1/10 
(Fn=0.677, Co = 3.0cm, o)o = 4.75rad / sec) 
Figure 5.43 : The Behaviour of the Model Motion in Regular Wave Test: 2/10 
(Fn=0.677, CO = 3.0cm, wo = 4.75rad / sec) 
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Figure 5.44 : The Behaviour of the Model Motion in Regular Wave Test: 3/10 
(Fn=0.677, C0 = 3.0cm, (O = 4.75rad / sec) 
-" 
Figure 5.45: The Behaviour of the Model Motion in Regular Wave Test: 4/ 10 
(Fn=0.677, Co = 3.0cm, coo = 4.75rad / sec) 
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Figure 5.46 : The Behaviour of the Model Motion in Regular Wave Test: 5/10 
(Fn=0.677, Co = 3.0cm, coo = 4.75rad / sec) 
Figure 5.4 :i fie Behaviour of the Model Motion in regular \\' ave lest: ()/10 
(Fn=0.677, Co = 3.0cm, wo = 4.75rad / sec) 
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Figure 5.48: The Behaviour of the Model Motion in Regular Wave Test: 7/10 
(Fn=0.677, Co = 3.0cm, o)o = 4.75rad / sec) 
Figure 5.49 : The Behaviour of the Model Motion in Regular Wave Test: 8/10 
(Fn=0.677,4o = 3.0cm, wo = 4.75rad / sec) 
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c I, 
figure 3.3U .i Ili D naviour of the Model Motion in Regular Wave Test: 9/10 
(Fn=0.677, C. = 3.0cm, w, = 4.75rad / sec) 
Figure 5.51 : The Behaviour of the Model Motion in Regular Wave Test: 10/10 
(Fn=0.677, Ca = 3.0cm, co,, = 4.75rad / sec) 
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Figure 5.52 : The Behaviour of the Model Motion in Regular Wave Test: 1/2 
(Fn=0.226, Co = 4.5cm, wo = 5. Orad / sec) 
Figure 5.53: The Behaviour of the Model Motion in Regular Wave "I'est: 2/2 
(Fn=0.226, ýo = 4.5cm, wo = 5. Orad / sec) 
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CHAPTER 6 
TRANSIENT MOTIONS OF TWO-DIMENSIONAL FLOATING BODIES 
6.1 Introduction 
The motion problem of a floating body on the free surface of fluid has been studied 
extensively in the frequency domain. It leads to the linear response that the body 
motion is small and strictly sinusoidal in time. Another more general approach for 
dealing with arbitrary motion is to formulate the problem in the time domain for 
solving the initial value problem. 
The use of time domain analysis to predict the seakeeping characteristics of 
floating bodies has been increasing for the past several years. The solution for the time 
domain Green function is credited to Finkelstein(1957). Discussions of direct time 
domain solutions are presented by various authors such as Stoker(1957), 
Cummins(1962), Ogilvie(1964), and Wehausen(1967). As computational power has 
increased, it has become practical to study actual solutions and to investigate the 
computational advantages of time domain methods. Adachi and Ohmatsu(1979), 
Yeung(1982a), Newman(1985), Beck and Liapis(1987), Lin and Yue(1990) have 
successfully obtained results. 
A more general and difficult class of motion problem than the linear theory is the 
one which retains the linearised free surface but satisfies the exact body boundary 
condition. The underwater form of the body can then change significantly over the 
course of motion. It can be treated numerically by advancing them in time as a series 
of impulse problems with new body shapes at each time step. In this Chapter, a 
spectral method which was first presented by Chapman (1979) is followed to solve the 
finite-amplitude initial value problem. Preliminary results for the linear radiation 
problem of two-dimensional bodies are presented and compared with those obtained 
from published experimental and theoretical data. 
6.2 Theoretical formulation of the transient motion 
Based on the assumption of potential flow theory, the problem of the transient motion 
of a rigid body travelling in waves can be formulated as the Laplace's equation in the 
fluid domain and the solution is determined by a set of initial-boundary conditions as 
described in Chapter 2. 
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If the body is slender and the wave slopes in the longitudinal direction are small, 
the three-dimensional boundary value problem can be approximated by a set of two- 
dimensional initial value problems. Furthermore, we assume that the free surface 
condition is linearised but still allow the motion amplitude to be finite. Then, the 
unsteady velocity potential 6 must satisfy the following initial-boundary conditions: 
Oma, +On =0 inz<0 (6.1) 
Of +gi '= 0 at z =O (6.2) 
C't -09 =0 at zO (6.3) 
en =Ys(y, Z, t)"n on SB(y', z', t; x') (6.4) 
= f, (y, z; x) when t<0 (6.5) 
where v, (y, z, t) is the local velocity of a point on the wetted body surface; » is a unit 
normal vector outward from the wetted body surface; ß>(y, z, t; x) =(x, y, z, 1), the 
dependence of CD on x is implicit but the effect will be included by through the body 
boundary condition. j, (y, z; x) is a given function at t<0. If the incident wave is 
present, the initial condition will be : 
. 
f1 (y, z; x) =4 bo (p, t) when t=0 (6.6) 
where 
So is the incident wave amplitude. 
60(p, t) is the incident wave potential per unit amplitude. 
To solve the finite-amplitude initial value problem, the free surface potential and 
elevation are represented by a spectral method and the body is modelled by the simple 
source distributions on the wetted hull and its negative image. The two-dimensional 
unsteady velocity potential is divided into three parts : 
b(P, t)= of. (P, t)+OR(P, t)+40Oo(P, t) (6.7) 
where 
p= (y, z) is the field point. 
ý (p, t) is the contribution of the wave field alone and #., (p, 0) = 0. 
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ýB (p, t) is the contribution of the body source distribution. 
The total effects of radiation and diffraction potential defined in Chapter 2 are 
equivalent to the sum of 0B (p, t) and 0., (p, t ). However, this is not a one to one 
correspondence between the individual potentials. 
6.2.1 Representation of the body 
It will be shown from Green's theorem that the body potential #8 (p, t) may be 
represented by a simple source distribution over the underwater surface of a floating 
body and its image. Similar technique described in Chapter 3 can be applied in here 
and the definition of fluid domain refers to figure 3.1. SB is the surface of the body 
below the y axis. The y axis is divided into S, interior to the body and SF on either 
side. The lower half-plane, z<O, is divided into two regions: R exterior to the body and 
bounded by SF, S. and S.; and I interior to the body and bounded by S, and S8 . 
Let 
the body potential in these two regions be ýB (p, t) and ý (p, t). 
The body potential must satisfy the impulse condition at the static waterline. Thus, 
the body potential, 0 (p, t), may vanish on the free surface, 
08 (p, 1)ß p is on the S. (6.8) 
This condition can be satisfied by introducing an image system of negative sources in 
the half-plane, z>O. A two-dimensional Green's function which is defined as: 
G(P; q) =1og(P - 4) - log(p - q) (6.9) 
where 
p=y+ iz : field point 
q= ri+i4 : source point 
q= ri- i; : image source point 
Based on the formulation of Green's theorem which detailed in Chapter 3, the body 






(4,1) G(p, R') ) 3(p, t) for pE SB(t) 
99 
-2, r# (p, 1) peR 
(6.10) 
Also from the Green's theorem, the representations for the interior domain I can be 
obtained. Thus 
ý(p; 4)_si4, ý) 
ýpI 
1,, (ý's(4, ) G(p; q) )d _ is/JB(p, 1) for pe S8(t) 879 9 t2(P, 1)} peI 
(6.11) 
Then from (6.10) and (6.11) 
ýei4, t)) cri 'R') 2zrOe(P, ý)= f (ýb(q, t)- 
9 
+f (°q't) -M 't))G(p; q)dl for p in R, on SB(t) (6.12) 
Sý q9 
Similarly, 
2yrjýB(P, t)= f (qB(q, t)-4 (q, t)) ; q) dl 
v 
,9 )G(p; 4' for p in 1 (6.13) 
9 
Thus, the potential over the entire lower half-plane is equivalent to a source 
distribution over SB and a dipole distribution over SB. Then 
p(9,1)= a(q, i)-Oe(4, t) (6.14) 
o(q, t) _ 
°y (q, t) 
- 
cVB (, t) (6.15) 
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where , u(q, t) and o(q, t) can be interpreted as the dipole strength and the source 
strength respectively. The most common assumption is that the potential is continuous 
across the body. It can be specified that 
gä(p, t) = 01B(p, t) for p on Sa(t) (6.16) 
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This is equivalent to a source distribution of strength o(q, 1) along SB and its image is 
represented by Green's function defined in equation (6.9). The body component of the 
potential is of the form : 
o(q, i)G(P; 4)dl (6.17) 
If we apply the body boundary condition in equation (6.4), then 




7, = (. Yo(t), Eo(t)) + 41) x (Y. (1) -yo(l), Z. (t) -so(t)) 
The position of the body in space is defined by the coordinates of an origin fixed in the 
body (yo(t), zo(t)) and 6(t), the angle of rotation about the origin. (y, (t), z, (t)) is a 
point on the body surface. 
The normal derivative of ýB is with respect to the field point p and let the field point 
lie on the contour SB. Then we get 
no(p, t)+ f a(q, t) -) '=2; r for p on S (6.19) ti Ä1l alp 
The first term in the left hand side of equation (6.19) ensures the isolation of 
singularity. 
The numerical solution to the body problem posed involves first the determination 
of the source strength function o(q, t ). Once the a(qt) is known the velocity 
potential 0B at any point in the fluid domain may be determined from equation (6.17). 
For the large amplitude motion simulations, the portion of body surface under the 
static waterline at each time step is automatically divided into finite line mss. The 
body is represented by the simple source distribution on its surface with strength 
constant over each line segment and steady over each time step. The time interval At 
is made sufficiently small so that the body motion can be assumed impulsive. Any 
displacement of the body over a time interval is neglected. 
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6.2.2 Representation of the wave field 
The representation of wave elevation field and its velocity potential by their spectral 
components allows the linearised free surface boundary conditions to be applied easily 
when adapting the free surface component of the flow into motion problem. It also 
aids to compute free surface induced pressures and velocities on the hull. The free 
surface (, y, t) can be described by 
z- 4'(Y, e) =0 (6.20) 
The wave elevation jy, t) and potential oh (y, z, t) satisfy the kinematic and dynamic 
linearised free surface condition at z=0 
A'ty, t) 
= 
e,. (. y, 0, t) 
ci a 
(6.21) 
OOJI (3', 0, t) 
_ _gc(Y, t) (6.22) a 
where g denotes the acceleration of gravity. An arbitrary real continuous function 
ý'(y, t) defined over the z0 plane can be written in the form 
CK) 
«, y, t)= JA(k, t)ePdk (6.23) 
0 
where A(k, t) is a complex vector which is a function of the wave number, k, and time, 
t, The elevation jy, t) is taken to be the real part of the expression on the right hand 
side. It may be represented numerically by a finite summation of harmonics 
«y, t) _ A(t)e"tOekk 
M.. 
(6.24) 
where k is the discrete wave number. This finite summation is an approximation to 
an infinite integral with an error which vanishes as the wave spacing Ak approaches 
zero and the maximum wave number k,,., which corresponds to the shortest wave 
length, approaches infinity. 
Similarly if «'(y, t) is defined as the time derivative of t y, t) due to free surface 
effects alone, that is the rate of change of «y, t) in the absence of the hull, it may be 
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represented numerically by 
Z'(y, t) B(t)we*-Okp (6.25) 
wherea is the discrete wave frequency and is defined by 
uýp = gký (6.26) 
The free surface potential can be derived : 
Co 
of, (Y, z, t)= gJB(k, t)w'e«"t )dk 
0 
M 
gZ B. (1)0)'ek'(=+IY)E k (6.27) 
e=1 
The distribution of values of k where A. (t) and B. (1) are specified is critical. The 
number of wave harmonics should be kept to minimum for practical computational 
time but the representation of wave field must be retained over the fluid boundaries 
and time interval of simulation. 
The body and the free surface flow are assumed to be located in the 
neighbourhood of the origin of y-axis. It is assumed that the free surface components 
of the flow are periodic in space with periodic lengths 2 fr" L. in the y direction and 
periodic in time with a period of 2 Yr. T. Then, the continuous form of k will be 
replaced by the discrete values : 
k =n1 L. n=1,2,3... (6.28) 
s 
k = 
TZ n=1,2,3... (6.29) 
S 
where L. is the maximum distance from y-axis; T is the maximum time interval of 
simulation. 
In the present case of a transient disturbance in an unbounded basin, the spacing of 
the discrete wave numbers and frequencies should be sufficiently small so that in the 
region of interest the wave field can be represented by a finite sum of harmonics. The 
wave lengths shorter than some minimum may be ignored in the numerical 
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representation. Equations (6.28) and (6.29) are applied in obtaining a kk distribution 
satisfying the following requirements and the free surface flow representation must be 
valid : 
(1) The maximum step sizes for k» 
k,,, -k s L. (6.30) 
(2) The minimum upper bounds for k. 
ký 1-1 (6.31) 
where 1 is the minimum characteristic length. 
Then, the k can be defined as 
2 
kp =2, n=1, ... nB (6.32) gT 
k, =k, -, +L; 
, n=nB+,,... nw (6.33) 
From equations (6.30) and (6.31), n8 and n. can be determined : 
ne2 2 +l - ne Zc (6.34) 
f2 Z&T2 1 (6.35) 
The actual choice of these three parameters L,,, T and 1 must be based on an 
understanding of the problem and the desired results. For general transient problems, 
L. and I should depend on body dimensions. The free surface is represented by a pair 
of complex vectors, A. (1) and B(t). The linearised free surface boundary conditions 
(6.21) and (6.22) can then be expressed by n pairs of simple differential equations by 
A(t) and B(t). 
Compared with the physical representation of the free surface, the spectral 
representations show some advantages. One is that the wave spacing can be non- 
uniform with smaller spacing at the low wave numbers which correspond to the long 
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wave lengths. This increases the time interval of reflecting disturbance produced by the 
boundary over which the long wave lengths and therefore the solution remains valid. 
In a physical representation these long wave lengths are the first reflected from the 
boundary since they propagate the fastest. In addition, small body motion is a 
sufficient but not a necessary condition for a valid linearised free surface. The linear 
approximation can remain valid, if the body moves slowly, over large changes in the 
geometry of the submerged portion of the body which induce hydrostatic and 
hydrodynamic nonlinearities. 
6.2.3 Body effect on the wave field 
The transient problem is solved numerically by a series of small time steps. The wave 
field, as defined by the vectors A (t) and A (t) are available only for the current time 
step. When time is advanced from t to t+ At, these vectors are updated as 
Ap(t+At)=A. (t)cos(oAt)+B. (t)sin(wpAt)+AA (6.36) 
B. (t+At)=B(t)cos(wAt)-A(t)sin(mAt) (6.37) 
The terms of AA. ** are the contribution to the wave field from the body motion 
between t and t+ At. The B(t) vector represents the free surface potential and is 
changed a negligibly small amount over the time interval if At is sufficiently small. 
The presence of the body induces a vertical velocity at the free surface which is 
included in the kinematic boundary condition through D(kt) which represents the time 
rate of change in An (t) . The complex 
function D(kt) can be obtained by expressing 
qjj /t evaluated at the free surface in the integral form, 
A= 
Re JD(k, t)et"dk 
==o 0 
(6.38) 
For a simple source located at (y8, ze) and its negative image, the time rate of change 
of the elevation induced by the simple source is : 
ißB 




and it can be expressed in the form as : 
D(k, t) = 2eKz'-''°? (6.40) 
Then integrating over the hull contour, 
D(k t) =2j 
°(9, t) eK="ur'y. ct» (6.41) 
s(t) 2n 
where o(q, t) is the source strength which can be determined by the equation (6.19). 
The change in A. (1) induced by the existence of body between t and t+ At may 
be represented in the form of the harmonics of MA. °'. From equations (6.21), (6.24) 
and (6.38), the change of the elevation induced by the body can be expressed as : 
AA. e** = D(k, t) " At (6.42) 
6.2.4 Computation of hydrodynamic forces 
The total hydrodynamic forces and moments are computed as follow : 
F=-fJPnJ. ds (6.43) 
SO(t) 
From the Bernoulli's equation, the hydrodynamic pressure related to the free surface 
and body-induced velocity potential can be found in the translating coordinate system: 
p_ 
äofs CoOo)+ aB+2t 
B+ýý)ý (6.44) 67 
where 
T78 = v#e (6.45) 
Y., = V(Of, +ýo00) (6.46) 
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This pressure can be written with respect to the body-fixed frame as: 
P__ 
D(ýh+4oýo)+DOB-1(ij2-(VB+p 
Dt Dt 2 
)2) (6.47) 
where Dt + 
Y, "V denotes the time derivative in the body-fixed system. The 
pressure components due to the free surface and body are defined as: 
D(of, + ýo0o) 
Dt 
(6.48) pý p 
Pan = -P 
DDt 
(6.49) 
The body-induced pressure pBD represents the time derivative of the potential at a 
body-fixed coordinate system. If the line segment of body remains submerged, it is 






Dt to - t, -, 
If the line segment has just been submerged over the latest time step so that At is not 
defined, then the time interval At' since the midpoint passed the waterline is estimated 







The calculation of quadratic term in equation (6.47) requires the tangential velocity 
induced by the body potential. Substitution of the nonlinear pressure shown in 
equation (6.47) into equation (6.43), the nonlinear hydrodynamic forces and moments 
can be obtained at each time step. 
6.3 The radiation problem of two-dimensional bodies 
Through the Fourier transform technique, the time domain method can be applied to 
investigate the linearised radiation problem which has been well developed in the 
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frequency domain. In this section, a transient response method has been used. 
Compared with the frequency domain method, the time domain technique is usefi. il and 
effective in the reduction of total computation time with good accuracy. The numerical 
calculations were carried out with a submerged circular cylinder and a floating 
rectangle in the small amplitude motion region and were compared with those obtained 
from the published analytical theory and experimental data. 
6.3.1 Relations between time- and frequency- domain descriptions 
The general form for the hydrodynamic force vector, F(t), is generated by a vertical 
velocity, V(t), in the captive mode : 
vs"n=V(t)n3 I z: (6.52) 
The solution of vertical force is the sum of an impulsive force induced by the 
hydrodynamic mass and the memory effects resulting from the free surface (Cummins, 
1962; Wehausen, 1967; Chapman, 1981): 
r 
F(t) = F,, f (t) +f K(t - z)V(z)dr (6.53) 
-Co 
The constant vertical velocity V(t) is chosen to be small to eliminate nonlinear effects 
for solving the linear radiation problem. Then, the resulting vertical force excluding the 
hydrostatic component is proportional to V(t). 
If the vertical velocity is further specified as a unit step function as follow : 
V(t)=0 t<0 
V(t) _ =H(t) tz0 (6.54) 
for which the solution is 
F(t) = -(F,. , t)+ 
f(t)) (6.55) 
where b(t) is the Dirac delta function. The function f (t) calculated in the captive 
mode is shown in figures 6.2 and 6.6 and can be represented by : 
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W 
f (t) =f K(z)dr t>0 (6.56) 
o" 
and the F,., is defined by 
Pý =Pf dlcs(P; O)n3(P) (6.57) 
Sir 
For the harmonic case, 
Tos "n = cos(ux)n3 (6.58) 
Then, the force acting in the vertical direction is given by 
10 
F(t) = -wsin(wt)F -ff (r)wsin(w(t - r))dr 
o' 
CD 0 
_-wsin(wr)[F, p + 
Jf(r )cos(wr)dr]+wcos(wt)[ j f(r)sin(wr)dr] (6.59) 
o' o' 
The hydrodynamic force defined in the frequency domain for the harmonic motion is 
represented as: 
F(t) = A33wsin(am) - B33wcos(o t) (6.60) 
Therefore, 
co 
Added mass: A (w) F. p +! 
f (z) cos(w r)dr (6.61) 
o" 
w 
Damping: B33 (co) 
nw" 
ff (r) sm(w r)dr (6.62) 
For fully linear problems at constant or zero forward speed, the time domain and 
frequency domain solutions are related by the Fourier transforms as shown in 
equations (6.61) and (6.62). However, if the body boundary condition is not applied 
on the mean position, the result is a kind of time-variant nonlinear system and the 
frequency and time domains are no longer simply related. 
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6.3.2 The radiation problem for a submerged circular cylinder in deep water 
In order to validate the numerical method, an analytical solution given by 
Ogilvie(1963) of a fully submerged circular cylinder was compared with linear and 
nonlinear time domain analysis. 
The linear time domain analysis is based on the acceleration body boundary 
condition in which the underwater body shape is fixed to solve the radiation problem. 
A computational advantage of the linear time domain analysis is that the coefficient 
matrix used to numerically solve the integral equation needs only be inverted once for 
a fixed underwater geometry. In the frequency domain calculation, the matrix must be 
inverted at each frequency. For a very large number of unknowns this leads to a large 
saving in computer time. The disadvantage of time domain analysis is that the solution 
must be time-stepped , which requires more computer time and memory than the 
frequency domain technique. 
Using the acceleration body boundary condition, the time derivative of source 
strength, b(p, t ), relative to the body-fixed coordinate system is computed at the 
beginning of each time step from 
; ca(p, t)+5j, ä(q, t) 'qýa1= 2n(-äh "n+ä, "n') (6.63) 
where ä ft is the free-surface induced acceleration which can 
be calculated from 
equation (6.27) at each time step. The ä, is the body acceleration at the body-fixed 
coordinate system. The source strength can be computed adequately by integrating its 
derivative in time: 
o(t + er) = o(t) + era(t) (6.64) 
Once the source strength o(t + At) is determined, the body velocity potential 0a and 
free surface potential of, can be obtained from equations (6.17) and (6.27) 
respectively. 
Numerical computations were carried out for the submerged circular cylinder at 
h/a=2.0 where h is the non-dimensional distance from centre point of cylinder to the 
mean free surface and a is the radius of a unit circle. In this calculation, the parameters 
of transient problem were taken as: L. = 4.0; 1= 0.2; T= 26 and At = 0.01. Figure 6.2 
shows the vertical transient forces calculated by the linear and nonlinear method in the 
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time domain. Both linear and nonlinear impulse forces F, _, are equal to -2.819651. 
The non-dimensional added mass and damping coefficients in heave mode are shown 
in figures 6.3 and 6.4 as a function of ka where k is the wave number. Excellent 
agreement is found with values measured from the curves of Ogilvie's (1963) 
analytical solutions. 
In the nonlinear time domain method, the body boundary condition is satisfied on 
the instantaneous wetted surface of the body, while the linearised free surface 
boundary condition is retained. Therefore, this numerical method can provide more 
accurate predictions when the large amplitude motion responses occur. 
6.3.3 The forced motions of a floating rectangle 
The hydrodynamic forces acting on a floating rectangle in the captive mode were 
calculated by using the nonlinear time domain method. This rectangle has a non- 
dimensional width of 2.0, a height of 1.0 and a draught 0.5 as shown in figure 6.5. The 
parameters of transient problem defined in section 6.2.2 were chosen as: 
L. = 2.5; 1= 0.25; T= 26 and At = 0.01. Figure 6.6 is the vertical force induced by the 
velocity step function in the time history. The impulse force Fa,,, is equal to -2.1109 
when twenty body segments are used. Figures 6.7 and 6.8 show the non-dimensional 
added mass and radiation damping curves as a function of non-dimensional wave 
frequencies. The numerical predictions were compared with the experimental results 
published by Vugts (1968). There are some discrepancies observed between the 
numerical calculations obtained from the transient theory and published experimental 
measurements. Generally speaking, better predictions are found in added mass curve 
than in damping curve. The numerical results show a slight overprediction of the 
damping coefficients for the forced heave motions of a floating rectangle. Some 
deviations are observed in the hydrodynamic coefficient curves at high frequency 
region as shown in figures 6.7 and 6.8. In the time histories of the vertical force 
induced by the velocity step function, an unsteady oscillating curve has been found 
after time=8 as shown in figure 6.6. Such numerical instability was not reported by 
Chapman (1979) in the calculation of the same forced motions of the floating 
rectangle. However, the irregular frequencies have been observed in the linear 
frequency domain calculation as well as in the time domain analysis by Adachi & 
Ohmatsu (1979) and Beck & Liapis (1987) in the solutions of the motion problem of 
floating bodies by using the Green function method. The irregular frequencies are a set 
of discrete frequencies at which the numerical solutions are singular. Recalling that 
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Fourier transform of a sinusoidal wave in the time domain is the Delta function in the 
frequency domain. The discrepancies observed in this study may be as results of the 
irregular frequencies in calculating the motion of a floating body. 
6.4 Conclusions 
Based on the slender body approximation, the three-dimensional boundary value 
problem has been reduced to a set of two-dimensional initial value problem. A 
nonlinear method for solving the transient motion problem of two-dimensional bodies 
has been formulated. The free surface is linearised but the exact body boundary 
condition permits large amplitude motions. 
The combined simple body source and spectral representations of the free surface 
have been applied to solve the transient motion problem instead of using the time 
domain Green function technique. This novel treatment for studying such unsteady 
free surface problems is first proposed by Chapman (1979). The free surface potential 
which satisfies linearised free surface condition can be approximated in deep water by 
a finite summation of harmonics. The careful choice of wave number and frequency 
distribution has been presented in order to minimise the computational time but still 
retain the representation of wave field. In this way, an initial value problem can be 
advanced in small time steps and solved by using the impulse theory. 
In the preliminary research stage, the nonlinear numerical model has been validated 
by the results of linear hydrodynamic coefficients of two-dimensional bodies obtained 
from the published theoretical and experimental data. The relations between time- and 
frequency- domain results are related through the Fourier transform technique in the 
case of linear theory. For a submerged circular cylinder, the numerical calculations for 
hydrodynamic coefficients in heave mode are in very good agreement with the 
analytical solutions given by Ogilvie (1963). There are some numerical difficulties 
occurred in predicting the hydrodynamic forces of the forced motions of the floating 
rectangle. Some unsteady oscillations of the vertical forces have been observed in the 
time histories. The numerical calculations for the radiation damping coefficients are 
higher than the experimental measurements reported by Vugts (1968). 
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Figure 6.2: Vertical force induced by the velocity 
step function for a submerged circular cylinder 
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Figure 6.8: Damping coeffiecient of a floating rectangle 
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CHAPTER 7 
CONCLUDING REMARKS 
A theoretical formulation for the motion problem of a catamaran travelling in waves 
has been presented. The solution of the governing equation is determined by the initial- 
boundary conditions of the potential flow. The nonlinear free surface condition and the 
body boundary condition on an unsteady body surface make the problem unamenable 
to obtain analytical or numerical solutions. By using the perturbation analysis, these 
two conditions can be transformed from the exact surfaces to the undisturbed free 
surface and mean wetted body surface. Assuming that the steady perturbation potential 
can be neglected in the linearised free surface condition for the unsteady flow, a 
linearised free surface condition can be defined in terms of the forward speed and the 
frequency of oscillation. If the body is thin and slender or the mean forward speed is 
low, the linearised body boundary condition is reduced to a simple forward speed 
correction on the pitch and yaw motions. In order to solve the arbitrary motions, the 
position and velocity of the system must be specified for the initial value problem. If 
the motion of a body is considered in the steady-state oscillation, the initial-boundary 
value problem is further simplified to the boundary value problem because all 
transients will die out. 
The small amplitude motion problem of catamarans in waves has been formulated 
in the frequency domain by means of the two-dimensional Green function integral 
equation method. Based on the assumptions of slender body and high frequency 
oscillatory motions, the unsteady velocity potential due to incident, diffracted and 
radiated wave systems have been represented by distributing the two-dimensional 
pulsating sources along the underwater surface of a floating body and its image. 
Numerical computations for three catamarans ( ASR5061, Marintek and V-1 
catamarans) travelling in the oblique waves have been carried out to compare with 
experimental measurements. The numerical predictions and experimental data at the 
low forward speed region correlated well. When the forward speed increases, the 
numerical results gave a gross overprediction of the motion responses at the resonance 
frequencies and the theoretically predicted position of resonance was slightly higher 
than the values obtained from experimental measurements. Generally better predictions 
were obtained in heave motions than in pitch motions when the linear frequency 
domain technique was used. In the case of V-1 catamaran, the negative added mass 
and a set of discrete characteristic frequencies due to the effects of interaction between 
twin hulls have been observed in the calculated hydrodynamic coefficient curves. The 
calculated cross coupled hydrodynamic coefficients well satisfied the Timman- 
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Newman's (1962) symmetry relationships at the zero speed condition. Through the 
theoretical and experimental investigations, it became clear that the resonance 
positions of motion response curves in heave and pitch modes shift toward the lower 
wave frequency region and the magnitudes of motion responses at resonance 
frequencies increase when the forward speed increases. 
A nonlinear strip method has been developed to predict the large amplitude 
motions of catamarans in regular waves. In the method, it is inherently assumed that 
the motion response is a kind of steady-state oscillation. The time-varying 
hydrodynamic forces are retrieved from a hydrodynamic database which is generated 
by using the linear frequency domain technique. The large variation of hydrodynamic 
coefficient curves has been observed in the shallow draught region for the V-1 
catamaran. The coupled equations of motion for heave and pitch modes have been 
solved in the time domain by using the Runge-Kutta method. In order to overcome the 
numerical divergence problem, a ramp function and results obtained from the linear 
frequency domain method have been introduced to initialise the system. Validation 
studies have been carried out by comparing the results obtained from the linear theory 
with those obtained from the nonlinear theory with a small incident wave amplitude. 
The motion amplitude and phase angle of V-1 catamaran in the head sea condition 
obtained from both numerical methods have a perfect match. 
The nonlinear effects of large amplitude motions of the VI catamaran in the head 
sea conditions have been investigated by using the results obtained from the quasi- 
nonlinear time domain technique and by a series of systematical experiments carried 
out in the Towing Tank of the Hydrodynamics Laboratory at the University of 
Glasgow. A post-towing measurement system has been designed and tested. It shows 
that this experimental setup is a very suitable system to investigate the motion 
responses of fast crafts travelling in waves. Based on the comparative studies, it can be 
concluded that the nonlinear time domain method can provide more reasonable 
predictions for the large amplitude motions of catamarans than the linear frequency 
domain method. Generally, the theoretical results obtained from the linear frequency 
domain and nonlinear time domain methods show a gross overprediction of the 
resonance values of motion responses. It is concluded that the nonlinear effects are 
significant when the model speed and wave amplitudes increase. The peak values of 
large amplitude motions around the resonance as obtained from the nonlinear time 
domain predictions as well as from measurements are smaller than those obtained from 
the linear theory. When the large amplitude motions of V-1 catamaran occur, the 
positive and negative amplitudes observed from experimental measurements and 
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nonlinear time domain simulations are of different magnitudes in the time histories. 
Through the experimental observations, it can be concluded that the impact 
phenomena of V-1 catamaran will be significantly effected by the forward speed and 
incident wave amplitude. Some parametric studies on the effects caused by the 
nonlinear terms for the V-1 catamaran configuration have been carried out by 
comparing the motion time histories obtained from different numerical models. In 
these selected test conditions, it became clear that the nonlinear motions are controlled 
by the hydrodynamic coefficients and wave exciting forces in the low forward speed 
region and by the hydrostatic forces in the high forward speed region. 
Through the slender body approximation, the three-dimensional potential flow 
problem has been reduced to a set of two-dimensional initial value problem. The 
solution of the two-dimensional transient motion problem has been constructed by 
means of a spectral representation for the wave field and a distribution of simple 
sources on the instantaneous wetted body surface. In the free surface wave field, the 
free surface potential which satisfies linearised free surface condition is approximated 
by a finite summation of harmonics. The wave field is updated by the contribution of 
the body motion when time is advanced. The relationships between solutions obtained 
from the time and frequency domain methods have been formulated by using the 
Fourier transform technique. The numerical computations for the fully submerged 
circular cylinder in deep water have been carried out by using linear and nonlinear time 
domain programs. Comparisons display an excellent agreement between the calculated 
hydrodynamic coefficients and the analytical solutions given by Ogilvie (1963). For a 
floating rectangle, some unsteady oscillations of the calculated vertical forces have 
been found in the time histories. The linear damping coefficients obtained from 
theoretical calculations are higher than those obtained from the experimental 
measurements reported by Vugts (1968). 
Recommendation for future work 
The quasi-nonlinear time domain technique has been shown to provide more 
reasonable predictions for the large amplitude motions of catamarans travelling in 
waves than the linear frequency domain theory. The predictions will be improved by 
incorporating the viscous damping into the time domain simulations. This time domain 
motion program has provided a good basis for further investigations regarding of 
slamming load, deck wetness and control fin analysis of catamarans. However, the 
nonlinear strip method is a kind of practical tool to investigate the large amplitude 
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motion problem. Although the spectral method requires more computer time and 
memory than the frequency domain technique, it is a powerful tool to solve the finite- 
amplitude initial value problem. It is very worthwhile to devote continuous efforts in 
this line of research. These efforts should include the elimination of the numerical 
instability in the case of the floating body motion solution and the predictions of the 
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Figure A. 1 : Experimental Records for the Heave and Pitch Motions 











Figure A. 2 : Experimental Records for the Heave and Pitch Motions 
of V-1 Catamaran. ( Fn=0.00, ro=1. Ocm, ()o=5.0 radsec) 
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Figure A. 3 : Experimental Records for the Heave and Pitch Motions 












Figure A. 4 : Experimental Records for the Heave and Pitch Motions 













Figure A. 5 : Experimental Records for the Heave and Pitch Motions 











Figure A. 6 : Experimental Records for the Heave and Pitch Motions 













Figure A. 7 : Experimental Records for the Heave and Pitch Motions 













Figure AS : Experimental Records for the Heave and Pitch Motions 














Figure A. 9 : Experimental Records for the Heave and Pitch Motions 











Figure A. 10 : Experimental Records for the Heave and Pitch Motions 
of V-1 Catamaran. (Fn=0.677, Co=4.5cm, Wo=5.5 rad/sec) 
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